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An approach to ratiometric fluorescence detection o f Cu(II) ions was devised 
by copolymerizing N-isopropylacrylamide with small percentages of bipyridine and 
amine monomers. The copolymer was divided into two portions. The amine group on 
one portion was functionalized with AlexaFluor555 (donor fluorophore) and the other 
with AlexaFluor647 (acceptor fluorophore). The indicator consists of a mixture of 
these two portions. Aggregation above the lower critical solution temperature (LCST) 
of this copolymer brings about a large increase in fluorescence resonance energy 
transfer (FRET). Addition of Cu(II) to the aggregated copolymer introduces charge 
onto the backbone, causing the copolymer to deaggregate with a resulting decrease in 
FRET. The ratio of acceptor to donor fluorescence varies with Cu(II) 
concentration. The intermolecular FRET coupled to copolymer aggregation results 
very large change on the fluorescence intensity ratio of acceptor to donor when Cu(II) 
binds to the indicator. A plot of intensity ratio vs. pCu is sigmoidal with a log Kf of
6.1 for the Cu(II)-bipyridine complex. The data are consistent with the formation of a
xvi
1 : 1 complex. The copolymer responds to higher concentrations of other transition 
metal ions. The selectivity for Cu(II) is consistent with the literature values for 1 : 1 
formation constants for bipyridine with metal ions.
Another approach to ratiometric detection o f Cu(II) involves intramolecular 
polymer conformational change resulting from charge repulsion induced by binding 
Cu(II). Indicator used for this approach is a PNIPAM copolymer strand labeled with 
both donor and acceptor fluorophore. The copolymer remains random coil 
confirmation without the presence of Cu(II). The density of labeled AlaFluor dyes can 
be manipulated to establish a FRET between donor and acceptor fluorophores. The 
established FRET can be reversed when Cu(II) binds to the indicator because charge 
repulsion expands the copolymer strand and result a larger average distance between 
donor and acceptor. Therefore Cu(II) can be detected by measuring the fluorescence 
intensity ratio of acceptor to donor. The intramolecular indicator has been used to 
measure the ratio change in response to Cu(II) addition in complicated matrix, 
including calf serum, processed waste water and river water. The advantage of the 
intramolecular FRET strategy is that this approach requires very low indicator 
concentration since the mechanism does not involve polymer aggregation. Moreover, 
the measured can be realized at room temperature, instead o f above the LCST. 





A sensor refers to a device that measures a physical quantity and converts it into 
a signal that can be read by an observer or by a computer. According to more detailed 
definition from the “Computer Desktop Encyclopedia”,1 sensor is “a device that 
measures or detects a real-world condition, such as motion, heat or light and converts 
the condition into an analog or digital representation.” Similarly, a chemical sensor is 
a device that transforms chemical information, ranging from the concentration of a 
specific sample component to total composition analysis, into an analytically useful 
signal. The chemical information may originate from a chemical reaction of the 
analyte or from a physical property of the system investigated. Most chemical 
sensors can be classified into two categories according to the operating principle of 
the transducer:2 electrochemical sensors and optical sensors.
Electrochemical sensors normally involve a reaction that produces or consumes 
electrons. Target analytes may be reduced or oxidized on an electrode surface, 
creating current that is proportional to analyte concentration. Electrochemical sensors 
include potentiometric sensors3, amperometric sensors,4 impedimetric sensor5 and ion 
field effect sensor6, a miniaturized potentiometric sensor.
Optical sensors transform chemical information into an optical signal. Some 
optical sensors are based on intrinsic optical properties of an analyte such as
absorption, Raman scattering, fluorescence and light scattering by particles. Other 
optical sensors are based on optical changes when the analyte interacts with an 
indicator. 78
There is increasing interest in developing sensors that acquire real time 
information. The development of optical fibers for telecommunication has also 
facilitated real time in situ optical measurements.
There is also a trend of developing smaller integrated sensors. Many 
electrochemical sensors, such as micro-flow chips and micro electrodes, have been 
reported in recent decades.9 Micro-fabrication technology has made it possible to 
develop compact electrochemical and optical flow-through sensors integrated with 
separations,10 and detection functions11.
In the last two decades, the availability of nano materials has spurred a new 
wave o f chemical sensor research. The sensors based on these particles generally have 
much higher sensitivity than traditional sensors due to larger surface specific area.
The most standard types of materials are carbon nanotubes,12 nanowires,13 metallic 
nanoparticles,14 and polymer nanoparticles.15 Quantum dots are used for imaging and 
sensing applications due to their special luminescence properties.16
Regardless o f size or function differences, most sensors have three common 
components. Figure 1-1 shows a prototype chemical sensor, which consists of three 
components: (a) a recognition receptor, which interacts with the analyte or catalyzes a 
reaction involving the analyte, (b) a transducer, which transforms the non-electric 
signals from the receptor into an electric signal, optical signal or acoustic signal, (c) 
readout system, which processes the analog signals and stores it on a computer. The 
biggest challenge in developing most chemical sensors is finding a receptor specific to 
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Figure 1-1 General model for chemical sensors
In summary, recent chemical sensor research has grown rapidly focusing on 
improvement on the three directions: miniaturization, higher sensitivity and more 
specific recognition.
Indicators are receptors that reversibly interact with analyte. They can be used 
for real time and fiber remote monitoring application.
1.2 Heavy Metal Pollution and Biotic Ligand Model
For decades, there has been a growing concern about heavy metal ion
17pollution. Heavy metal ions include the transition metals, some metalloids,
lanthanides, and actinides.18 In some countries, with industries that operate on a small 
scale, monitoring techniques for heavy metal ions are unaffordable. Industrial waste 
water containing heavy metals, especially copper ions, are discharged into natural 
water bodies without treatment.19 In united states, there are currently 629 rivers and 
streams listed as impaired by copper pollution and 5 listed as having copper 
contaminated sediments.20 One of the sources is copper sulfate, a commonly used 
algaecide, herbicide and germicide that maintains the aesthetic appearance o f those 
water bodies.21
It has been found that exposure to copper concentrations can make fish lose 
their sense of smell and reduce their appetite and food intake.22 Hence, Cu(II) is a 
threat to fish in rivers, lakes reservoirs, and ponds. In the 1970s, the biotic ligand 
model (BLM) was developed to explain and predict the effects of water chemistry on 
the acute toxicity of metals to aquatic organisms.23 Figure 1-2 explains the theory of 
biotic ligand model. The left part of the scheme shows that the availability of free 
Cu(II) depends on concentrations of dissolved organic carbon (DOC), and inorganic 
ligands such as HCCV and Cl". Then on the right, it shows that toxicity of Cu(II) is the 
result of competitive binding of free Cu(II) at the fish gill. The biotic ligand also 
interacts with other cations in solution, such as Ca(II) and Mg(II). These cations 
compete with the free Cu (II) for binding at physiologically active sites at the gill. At 
sufficiently high levels, other metal ions will effectively inhibit the accumulation of 
Cu (II) at the biotic ligand. By accounting for these effects, the BLM can be used to 
predict the effect of decreasing toxicity of copper ions with increasing hardness, pH 
and organic carbon.24 Hence, total copper measurements do not predict fish toxicity. 
Instead Cu (II) activity would be a better predictor of toxicity, but this measurement is
not currently practical for monitoring. Cu(II) activity measurements can also be 
consider measurements of free, i.e. bioavailable Cu(II).25
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Figure 1-2 Free Cu(II) competes on biotic ligand sites on fish gill. Revised on Paquin’s
diagrams.23' 26
Most traditional instrumental methods, such as atomic spectroscopy and 
ICP-MS measure total metal ions. However, the U.S. national copper criterion (2006) 
requires using the BLM to calculate toxicity. It is time-consuming and expensive to 
calculate bioavailable Cu(II) based on total Cu(II) concentration since the BLM 
requires several inputs, including temperature, pH, DOC, major cations and anions 
and alkalinity. It costs approximately $150-$200 to measure the 10 BLM parameters 
for each sample.20 Moreover, the biotic ligand model must be applied differently at
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different sites. The data obtained has to be calibrated based on site-specific conditions. 
This increases the measurement complexity.
Most current techniques, however, monitor total concentration, instead of metal 
ion activity. This'is a general problem for all metal measurements in biological matrix. 
Hence, it is of great interest to develop an economic method that directly measures 
metal activities for wastewater treatment plants and environmental protection 
services.
1.3 Approaches to Free Metal Ion Measurements
1.3.1 Potentiometry
The Cu(II) potentiometric selective electrode can measure low Cu(II) activities,
but this is possible only when the total metal ion exceeds a threshold level. Below the 
threshold, metal ion leaking from the membrane of the electrode contributes a 
background signal leading to falsely high readings. Furthermore, potentiometric 
electrodes are not available for many heavy metal ions.
1.3.2 Indicators
Another approach to measuring metal ion activity is to use an indicator. Metal 
ion indicators work like a pH indicator. As shown in Equation 1-1, metal ion 
indicators (represented as In in equation) combine with metal analyte (represented as 
M) and form a metal indicator complex (Min). This results in a detectable change in 
indicator properties, such as a change in color or fluorescence emission. The 
mathematic relationships between [M], [In] and [Min] are shown in Equation 1-3 and 
l-4.The metal ion activity can be determined from the measured ratio of combined to
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uncombined indicator (^—p) and known equilibrium constant (Keq) metal ion binding 
to the indicator.
M + In M in  (Equation 1-1)
K ’ i  = S  <Eciuation ‘-2>
[M] (Equation 1-3)
pM = logKeq + log^pp (Equation 1 -4)
When [Min] = [In], [M] = 1/Keq. The range of concentrations sensed by an 
indicator is centered on this point and ranges from pKeq-l<pM< pKeq+ l. To measure
the pM, needs to be determined. There are two situations when
[In]
, . . . [Min]determining ^  :
One situation is that total indicator concentration is known, and [Min] is to be 
measured. Most turn-off and turn-on fluorescence indicators are used under this 
circumstance. (The turn-off indicator refers to indicators whose signal is quenched 
when heavy metal ions bind on them.27 The turn-on indicator is defined as an 
indicator that develops a signal upon combining with metal ions27). Hence this kind of 
indicator involves measuring a single signal increase or decrease of [Min].
The other case happens when total indicator is difficult or impossible to
measure, but the ratio of pypp can be determined. For this case, it’s necessary to
measure the ratio of [Min] to [In] to calculate metal ion activity. Ratiometric 
indicators are less subject to drift because ratiometry is insensitive to factors like 
instrumental drift and temperature that affect both the Min and In signals to the same
28 29extent. Hence Ratiometric indicators are preferred to turn-off or turn-on indicators
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for sensing applications. They can be implemented for continuous sensing by 
immobilizing the indicator and coupling it to an signal receiver device via an optical 
fiber.30 They are also essential for applications such as single cell measurements 
where it is impossible to know the total indicator concentration in the optical path.
1.4 Fluorescence Metal ion Indicators
Most research on metal ion indicators has been focused on molecules that
change fluorescence properties upon complexation rather than changing color or
1scattering light. This is because fluorescence is a very sensitive method. Using 
fluorescence it is possible to conduct an analysis using very small amounts of 
indicator which are less likely to perturb the analyte concentration. Much of the 
attention in this area has focused on Ca(II) and Zn(II) indicators because of the 
biological importance of these metals.32 Indicators of other ions, such as Hg(II),33 
Ni(II),33 Cd(II)33 and Fe(III),34 have also been investigated because these metals can 
be toxic. According to measuring methods, most fluorescence metal ion indicators can 
be grouped into single-channel and ratiometric indicators.
1.4.1 Single-Channel indicators
Single-channel fluorescence indicators are often called “Turn-off” or “turn-on”
fluorescence indicators. Output signals are recorded by directly measuring absolute 
fluorescence intensity at fixed emission wavelength. Turn-off indicators refer to a 
group of fluorescent metal ion indicators that involve quenching caused by heavy 
metal ions binding to the molecules.35 Most Cu(II) and Hg(II) indicators have been 
developed based on quenching. An indicator consists of two parts: the fluorophore
moiety and a ligand group. Sometimes the indicator is a single molecule integrating 
functions of fluorophore and metal ion ligand.36
Conversely, turn-on indicators involve restoring fluorescence that was inhibited 
initially. Metal ion binding can cause indicator structure to change resulting 
fluorescence. Turn-on indicators for measuring Hg(II), 37,38,Cu(I), 29c Ni(II),39 Zn(II),40 
and Fe(II) 41 have been reported. The advantage of “turn-on” indicators over “turn-off” 
indicators is the ease of measuring small signals relative to a “dark” background. This 
reduces the likelihood o f false positive signals and increases the sensitivity. 27, 
4M2However, it is difficult to develop a turn-on Cu(II) indicator due to its high 
quenching efficiency.
Turn-on and turn-off indicators involve measuring fluorescence intensity at 
one set wavelength. The fluorescence signal from this indicator can be perturbed by 
environmental factors, for instance changes in pH, temperature, quenchers, and 
solvent polarity. Consequently, detection of single wavelength emission can be 
problematic for accurate analyses, especially in complicated samples.
1.4.2 Ratiometric indicators
Ratiometric fluorescence involves the simultaneous measuring of two
fluorescence signals at different wavelengths followed by calculation of their intensity 
ratio. Ratiometric indicators offer more stability in a fluctuating measuring 
environment because they are insensitive to above mentioned factors that affect 
single-channel indicators. For instance, quantitative analysis using a confocal laser 
scanning microscope requires using a ratiometric indicator since it is difficult to know 
the amount of indicators in the sample under the scope. When determining analyte
concentration in living cells,43 the ratiometric method is necessary since it is 
impossible to know the total amount of indicators applied in a cell.
1.4.3 Mechanisms of fluorescence metal ion indicators
Generally speaking, there are four mechanisms involved in fluorescence metal 
ion indicators.
Environmental change caused by metal ion bindine
Fluorescence intensity is often influenced by environmental factors such as ion 
interaction, pH and temperature44 Physical, chemical and micro-environmental 
parameters that influence molecular fluorescence are summarized in Table 1-1
Table 1-1 Physical, chemical and microenvironmental parameters that affect the fluorescence
emission.





Pressure Hydrogen bonds Charge density
Viscosity Electric potential Ionic strength
Van de wal forces Ion bound Solvent
Quencher bound
Binding a metal ion can cause an environmental change for fluorophore moiety 
in an indicator. Hence, the cause and effect relationship between metal ions and 
fluorescence intensity can create a new approach to developing metal ion sensors. For 
instance, a dansyl labeled PNIPAM sensor14 involves coupling effect between a 
polarity sensitive dye and the polymer microenvironment change caused by copper
binding.
Fluorescence shift caused by metal ion binding
Some Zn(II)45 and Ca(II)46 indicators are based on fluorescence spectra shifts 
caused by metal ion binding. The complexation changes the energy level of ligand 
electrons that bind to the metal ion, causing a shift in fluorescence spectra. For 
example, a reported Ca(II) indicator463 combines an Ca(II) chelating site with the 
stilbene chromophore. The indicator offers bright fluorescence and the spectra shifts 
to longer wavelengths upon Ca(II) binding.
Ouenchine
Metal ion quenching is a commonly adopted mechanism for heavy metal ion 
indicators since most heavy metal ions quench fluorophores. Quenching involves 
non-radiative de-excitation. It is an internal conversion that electrons return to the 
ground state without emitting photons. In this mechanism, quenching takes place 
through a photo induced metal-to-fluorophore electron-transfer mechanism (MFET).47 
It has been shown that the MFET process prevails at short distances for a 
metal-fluorophores two-component system.48 Typically the working distance o f metal 
to fluorophore is 3 to 6.9 A.49
Fluorescence resonance energy transfer (FRET)
FRET has been exploited to design ratiometric metal ion indicators.50 Some 
indicators are based on the change of the extent of FRET on a microsphere, 
nanoparticle or quantum dot, where the average distances between the donor and 
acceptor fluorophores are affected by binding metal ions.50f' ' '51
FRET is a mechanism describing energy transfer between two fluorophores. A
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donor fluorophore, initially in its electronic excited state, may transfer energy to an 
acceptor fluorophore through nonradiative dipole-dipole coupling.52
The efficiency (E) of the FRET is the fraction of energy transfer event occurring 
per donor excitation event.53 FRET efficiency can be described in the following 
formula:
£  _  — kEr    (Equation 1-5)kf+kET+Zki v M >
where/c£T is the rate o f energy transfer, k f  the radiative decay rate and the k t 
are the rate constants of any other de-excitation pathway.54
There are several variables that affect FRET efficiency (E). Equation 1-6 shows 
the Forster equation.
E =  5 7 ^ )  (Equation 1-6)
, where R is the inter-distance between the donor and acceptor. Ro is defined as 
Forster Distance (in some literature, referred as the Critical Radius) at which the 
energy transfer is (on average) 50% efficient, as shown in Equation 1-7,
, 90001n(10)y # 0 ~FD(<7)eA(a)
^  " V2&n*NAn* {  a 4 (Equation 1-7)
0 °  « (Equation 1-8)
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where k 2 is the orientation factor, <J>o the quantum yield of donor fluorescence 
(without acceptor), Na is Avogadro's number, and n is the refractive index of the 
intervening medium. The integral (J, in units of M^cm3, defined in Equation 1-8) is 
the degree of spectral overlap between donor fluorescence spectrum (Fd, its spectrum 
normalized so that the integral is equal to one), and acceptor absorption spectrum 
(scaled to its maximum molar extinction coefficient, 6a, in units of M’1cm'1), given by 
either wavenumber (a) or wavelength (X) scale.
From the above equations, we can observe that there are three major factors 
affecting the efficiency of FRET:
(a) R, the distance between the donor and the acceptor.
(b) J, the spectral overlap of the donor emission spectrum and the 
acceptor absorption spectrum.
(c) k ,  The relative orientation of the donor emission dipole moment and the 
acceptor absorption dipole moment.
The factor (a) is a very useful feature for sensing purpose. FRET indicators can 
be extensively used as a ‘spectroscopic ruler’ for determining the distance between a 
donor and an acceptor molecule55. For instance, it was used to explore the mechanism 
of protein folding56 and to monitor the effect of chain length on the cyclization of 
end-labeled polysarcosine chains.57 FRET indicators can also provide dynamic 
information about the changes in the distance in the process of conformational 
changes of macromolecules 58.
13
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Figure 1-3 Relationship between the efficiency of the fluorescence resonance energy transfer and 
the distance separating the donor and the acceptor.
For each selected donor and acceptor FRET pair in given conditions, the Ro is a 
fixed value. Hence the Forster equation can be simplified and R becomes the only 
variable in Equation 1-6. Figure 1-3 shows that FRET efficiency is inversely 
proportional to the six power of inter-distance between the donor and acceptor. 
Typically, the Forster Distance is between 40 to 100 A .59 This range is much longer 
than the quenching mechanism which works in the range of 3-6 A. 49
However, it’s still difficult to develop ratiometric fluorescent indicators for 
metal ions like Cu(II) because they quench fluorescence. Hence the challenge remains 
for developing a ratiometric Cu(II) indicator.
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1.5 Polv(N-isopropylacrvlamide) Strategy
Poly(N-isopropylacrylamide)(PNIPAM, the structure as shown in Figure 1-4) is 
a polymer that can undergo phase transition. PNIPAM has been extensively used as a 
stimuli-responsive material in thermo-responsive films60, nanoparticles61, capsules60, 
microgels62, and self-assembling micelles63. In particular, for controlled release 
applications, microgels, capsules, or micelles of thermo-reversible polymers are 
suitable materials as drug carriers.60,62'63
PNIPAM can also be used as transducer for sensing purposes because of its 
phase transition. PNIPAMs can also be copolymerized with functional monomers to 
obtain different upon-stimulus phase transition properties.
1.5.1 PNIPAM thermal phase transition
The thermal phase transition temperature of PNIPAM is called the lower critical
solution temperature (LCST)64. The LCST in pure water is about 32°C.65 Figure 1-4 
shows the pictures of PNIPAM solutions at 20 and 40 °C respectively. At 20 °C , 
PNIPAMs are soluble and the solution is clear. At 40 °C, PNIPAMs precipitate out of 
solution when the temperature is above LCST.
PNIPAM
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Figure 1-4 PNIPAM precipitates out of solution when temperature is elevated from 20 to 40 °C.
The PNIPAM volume phase transition takes place in two steps (as the scheme 
shown in Figure 1-5):
The first step involves intramolecular coil collapse (coil-to-globule transition), 
followed by a second step of intermolecular aggregation between collapsed coils 
(globule aggregation).57 However it is hard to observe the collapsed globules alone 
unless PNIPAM is in an extremely dilute solution.66 This is because aggregation 
happens immediately after coil-to-globule transition. Therefore images observed via a 
microscope show only the morphology of aggregated globules.
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Figure 1-5 Two-setp phase transition of PNIPAM in water.
1.5.2 Sensors based on PNIPAM.
Due to upon-stimulus phase transition, PNIPAM has exhibited excellent
characteristic as indicator transducer. Previously reported indicators based on
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PNIPAM copolymer have include one or more of the following inputs: temperature, 
pH and metal ions..
Thermal sensors
The earliest sensor applications involved using PNIPAM as thermal 
transducers.67. Optical techniques such as light scattering, refraction index, and 
fluorescence have been employed as readout methods. Most reported thermal sensors 
in recent years were PNIPAMs labeled with fluorophores. 68 This is because 
fluorescence is very sensitive compared to other optical techniques. The labeled dyes 
may be polar or hydrogen bonding molecules and the fluorescence intensities vary as 
environment around them changes due to the thermal phase transition. 69
pH sensors
Charge repulsion may cause the swelling of cross-linked PNIPAM copolymer 
particles. Functional moieties, such as methacrylic acid70 allylacetic acid,71
724-Piperidine-naphthalimide derivatives, can be protonated at a certain range o f pH 
and have been copolymerized with NIPAM. Figure 1-6 shows that PNIPAM 
copolymer hydrogel swells as the functional groups are charged by protonation or 
de-protonation process. Various readout methods have been employed for PNIPAM 
pH sensors. Some applications involves a membrane entrapped with hydrogel 
particles. Optical properties of PNIPAM copolymers coupled with pH changes can be 
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Figure 1-6 PNIPAM copolymer microspheres swell as they are charged at a certain pH range.
Metal ion indicators
Given metal ion ligands are copolymerized into the PNIPAM network, the 
LCST will shift because of the change of charge density induced by binding metal 
ions. This idea can be applied on designing metal ion indicators. One o f the 
applications involves incorporating benzo-18-crown-6-acrylamide (BCAm, structure 
as shown in Figure 1-7) as a metal ion receptor into the PNIPAM hydrogel. 77 Figure 
1-7 shows, the LCST of the copolymer is shifted to higher temperature at the presence 
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Figure 1-7 Temperature dependence of volume change ratios of cross-linked 
P(NIPAM-co-BCAm) hydrogels in Pb(ll) aqueous solution and deionized water.77
Other metal ion sensing applications have been reported involving PNIPAM 
nanoparticles76b’78 79 copolymerized with various ligands. In Liu’s work,80 a 
phenanthroline-containing fluorescent monomer capable of Cu(II)-binding was 
copolymerized with PNIPAM and formed nearly mono-disperse microgels. When 
Cu(II) was present, the microgels can selectively bind Cu(II), leading to significant 
quenching of fluorescence emission intensity. They also reported a PNIPAM
microgels labeled with metal-chelating ligand and a polarity sensitive dansyl
81moiety.
One of our early research projects was based on PNIPAM microspheres
82involving FRET. The sensor system was based on lightly cross-linked PNIPAM 
particles covalently linked to metal ion ligands and dye pairs. Figure 1-8(A) shows the
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Scanning Electron Microscope (SEM) image of the particle’s morphology. We 
observed that rhodamine’s fluorescence increased significantly, while fluorescein’s 
decreased, when temperature rose above the LCST. This observation can be explained 
by FRET between the fluorescein (donor) and rhodamine (acceptor). The FRET 
efficiency gets higher due to closer average distance between donors and acceptors. 
Figure 1-8(C) shows how the FRET efficiency is coupled to microsphere swelling 
process. The copolymerized Cu(II) ligand, an iminodiacetic acid derivative monomer 
(IDA)(As shown in Figure 1-8 (B), can selectively chelate Cu(Il). The charge of 
carboxyl groups in the particles are neutralized by Cu(II). The particles tend to shrink 
more due to lower charge density and less charge repulsion. Hence FRET become 


















Figure 1-8 Reversible FRET coupled to shrink/swell process of PNIPAM microspheres. (A) SEM 
of microspheres of PNIPAM copolymer. (B) Cu(II) ligand. (C) Scheme of FRET process on 
polymer microsphere at stages in different temperature and Cu(II) presence. Ri represents the
20
average distance between donor and acceptor when particles are in swollen state. R2 represents the 
average distance between donor and acceptor when particles are in shrunken state.
The other architecture is based on single PNIPAM strands. Comparing to micro 
or nanoparticles, Cu(II) indicators based on uncross-linked PNIPAM strands have 
more flexibility and leeway in terms of folding and entangling conformational 
changes. A typical indicator is designed as shown in Figure 1-9.83 The indicator 
consists of PolyNIPAM, a fluorophore and a ligand monomer. The ON-OFF 
fluorescence response of poly(NIPMAM-co-MDCPDP) is driven by a 
temperature-induced phase transition from coil to globule and the capture of Cu(II), 
resulting in a decrease of the quenching efficiency in neutral solution.
Fluorescence ON Fluorescence OFF
“ —iw —(
f O
Figure 1-9 Cu(II) indicator based on PNIPAM strands.83
Our colleague, Jie reported an improved Cu(II) indicators that based on 
PNIPAM covalently linked with dansyl derivatives(an environmental sensitive dye).84
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A self-synthesized, Cu(II) ligand was also incorporated in the polymer. The 
indicator’s micro-environment is further coupled with charge repulsion interaction. 
Hence the Cu(II) concentration can be detected by fluorescence change of dansyl 
moieties. This indicator involved a ratiometric measurement and hence overcame 
drawbacks of previous reported single-channel indicators.
1.6 Summary of This Dissertation
As introduced earlier, most prior reported Cu(II) indicators involved 
quenching mechanism and single-channel fluorescence measurement. These methods 
are hard to calibrate and limited in their applications. The goal of this research is to 
develop a Cu(II) indicator based on PNIPAM copolymer strands and FRET. This 
indicator involves a non-quenching mechanism since Cu(II) binding sites and 
fluorophore moieties are designed to be spatially separated. A pair o f stable and bright 
fluorophores were used as the FRET pair and linked on PNIPAM copolymer strands. 
Hence, the fluorescence intensity ratio of acceptor-to-donor is coupled with PNIPAM 
phase transition which is further influenced by Cu(II) binding.
The Cu(II) binding ligand is developed by our collaborators. They are 
copolymerized with NIPAM and induce selectivity for Cu(II). Chapter 3 shows the 
results for Cu(II) binding and its impact on the PNIPAM phase transition.
In this research, the indicators are developed using two different strategies 
which are introduced in Chapter 4 and Chapter 5 respectively.
Chapter 4 introduces an intermolecular FRET strategy. PNIPAM copolymer is
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labeled with either A5 5 5 only or A647 only. After that they are combined for use. The 
FRET takes place between A555 polymers and A647 when they get close due to 
aggregation driven by elevated temperature. The aggregation process is inhibited at 
the presence of Cu(II). This results in weaker FRET and lower acceptor to donor 
intensity ratio.
Chapter 5 introduces the other strategy that involves an intramolecular FRET 
mechanism: Both A555 and A647 are labeled on the same polymer strand. FRET is 
established within the single polymer as long as the average distance between A555 
and A647 is close to Forster Distance. However, the indicator polymers expand when 
they are charged by binding Cu(II). In this case, the established FRET is disrupted by 
the increase in average donor-to-acceptor distance.
There are pros and cons for the two strategies. The intermolecular indicator 
gives a very large change in intensity ratio but requires higher operating temperature 
and the indicator concentration be high enough for aggregation to take place. The 
intramolecular strategy doesn’t give as large a ratio change but can be implemented at 





Reagents are listed by their sources. The abbreviations are included in the parenthesis 
in bold. The structures of the major reagents are illustrated in Figure 2-1. 
Sigma-Aldrich
Acetonitrile (ACN), anhydrous, 99.8%, HPLC grade 
Azobisisobutyronitrile (AIBN), 98%
Ammonium persulfate (APS), 98+%, ACS reagent 
Calf Serum
Copper (II) nitrate hemipentahydrate, 98%, ACS reagent 
Ethylenediaminetetraacetic acid (EDTA) tetrasodium salt hydrate, 99.0+% 
Fluorescein o-acrylate, 97%
Hydrochloride solution
Mercury (II) nitrate monohydrate, 98%
Methanol
Methacrylic acid (MAA), 99%
N,N'-Methylenebisacrylamide (MBA), 99%








1-Vinyl imidazole (VI), 99+%
4-Vinylpyridine (VP)
Zinc nitrate hexahydrate, 98% reagent grade 
Invitrogen
Alexa Fluor 555 carboxylic acid, succinimidyl ester (A555)
Alexa Fluor 647 carboxylic acid, succinimidyl ester (A647) 
Polysciences
N-(2-aminoethyl) methacrylamide hydrochloride (AEMA), 98+% 
N-(3-aminopropyl) methacrylamide hydrochloride (APMA), 98+% 
PolyFluor 570: Methacryloxyethyl thiocarbamoyl rhodamine B 
Pharmco-AAPER











Processed waste water sample 
Other Chemical Sources:
N-(2,2'-bipyridin-4-ylmethyl)-N-propylacrylamide (bipy), Synthesized by Roy 
Planalp’s group in University of New Hampshire and Shawn Burdette’s group in the 
University of Connecticut.
N-(3-acrylamidophenyl)-iminodiacetic acid(AP-IDA) disodium salt Synthesized by 
Roy Planalp’s group.
River sample, obtained from Oyster River at Durham, New Hampshire
All buffers were prepared at 0.1 M concentration and adjusted to 0.1 M ionic 
strength with sodium nitrate unless otherwise noted. Aqueous solutions were prepared 
from doubly distilled water prepared from a Coming Mega-Pure distillation 
apparatus.
The structures of major monomer and fluorescence reagents used in the 
experiments are illustrated in Figure 2-1. The structures o f the Alexa Fluor are 
proprietary and cannot be obtained.
CH,
h3c ^
H2C = tn V = 0y= O HN
HN
) — C H 3
h 3c
W-isopropyl-acrylamide (NIPAM) ,
f , 2, ,
/V-(3-aminopropyl)-2-methylacrylamide (APMA)
A/-(2,2'-bipyridin-4-ylmethyl)-A/-propylacrylamide (Bipy)
Figure 2-1 Structures of major reagents used in the experiments
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2.2 Apparatus
The Zeiss LSM 510 Meta laser scanning confocal microscope is used for 
monitoring polymer coagulation and acquiring FRET images. Fluorescence and 
second order scattering measurements were carried out on Cary Eclipse fluorescence 
spectrophotometer equipped with a Peltier thermostatted single cell holder. Both the 
Scan mode and Kinetic mode of the Eclipse were used. UV-Vis absorption spectra 
were collected on a Varian Cary 50 UV-Vis spectrophotometer thermostatted with a 
Peltier temperature control. Proton NMR spectra were obtained on a Varian Mercury 
400 MHz NMR spectrometer. An Orion 901 digital analyzer with an Orion 91/55 
combination pH meter was used to measure pH. Molecular weight information was 
obtained on an Agilent 1100 GPC at 25 °C. The mobile phase was phosphate buffer 
(pH 7.2). A series of polyacrylic acid standards were used as calibration standards. 
Polymer size characterizations were also measured on Malvern Nano ZS particle size 
and zeta potential instrument.
Separation of precipitated polymer from the solution was performed on a Fisher 
laboratory centrifuge (3400 rpm). A Buchi RE111 Rotavapor was used to evaporate 
solvents. A self-assembled freeze drying apparatus, built from parts bought from Ace 
Glass Inc.(Catalogue No: 6696), was used to freeze dry small amount of polymer 
aqueous solution. A Branson model 1210 sonicator was used for reagent dissolution 
and sonication.
Dialysis tubing with a molecular weight cut-off (MWCO) of 12,000-14,000 
was purchased from Fisher scientific.
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2.3 General Procedures
In this study, the experimental procedures mainly involved synthesizing and 
functionalizing polymers. The following describes the general experimental 
procedures or a typical example of the synthesis, purification, derivatization and 
characterization of polymer indicators. Minor adjustments were made to specific 
samples. Specific changes in formulation will be discussed in Chapter3, 4 and 5
We developed two kinds o f indicators based on different mechanisms. Both 
indicators used the same copolymer skeleton but were labeled in different ways.
For system involving an intermolecular FRET mechanism, the indicator was 
labeled with single Alexa fluor, either A555 or A647 (Abbreviated as SL indicator). 
For system involving an intramolecular mechanism, the indicator was labeled with 
both A555 and A647 (Abbreviated as DL indicator).
The Alexa fluorophores (lmg package) were dissolved in 100 uL DMF and 
stored in the refrigerator for polymer labeling. Based on the molecular weight 
information obtained from Invitrogen company, the concentrations of the Alexa 555 
and 647 stock solutions were calculated to be approximately 8 x 10'9 mol/uL. The 
following description shows an example of the Alexa Fluor-based metal ion indicator 
synthesized in DI water at room temperature.
2.3.1 Synthesis of copolymer skeleton
In a 50 mL round bottom flask, dissolve 5 mmol NIP A, 0.01 mmol APMA,
0.01 mmol biPy, and 0.015 g APS in 25 mL DI water. The reaction mixture was 
capped and purged under N2 for 20 min under vigorous stirring. 75 uL TEMED was 
injected to start the reaction. The reaction proceeded for 24 h.
Other copolymers were synthesized with the same recipe and conditions except
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that the bipy was replaced by other functional monomers. PNIPAM-co-MAA and 
PNlPAM-co-APMA were prepared by adding various percentage of MAA or APMA 
in the reaction. These prepared copolymers were used in the study of charge effects on 
the PNIPAM phase transition, as discussed in chapter 3.
Living polymerization was used to prepare copolymer with a small MW. The 
procedure was adapted from the literature.85
2.3.2 Polymer Purification
The synthesized polymer solution was purified by the following procedure: The
solution was heated to 60 °C to precipitate the polymer. The resulting precipitate was 
then collected after centrifugation. The polymer was re-dissolved and the procedure 
was repeated two more times. The solid polymer was then dissolved in DI water 
followed by dialysis using tubing with a 12,000-14000 MW cut-off.
2.3.3 Alexa Fluor labeling
Single labeled polymer: In a small vial, combine 0.5 mL 0.1 M pH 8.3
bicarbonate buffers, 5 uL Alexa 555 stock solution and a known volume of polymer 
solution (The exact amount o f polymer solution depends on the amount o f amine in
relation to the amount of Alexa 555. The Alexa 555 is at least 1:1 with respect to the
/
amines on the polymer). The reaction was carried out in darkness at room temperature 
for at least 24 hours. The resulting indicator was dialyzed using tubing with a MW 
12,000- 14,000 cut-off for 3 days. The A647 labeled polymer was prepared and 
purified by the same procedures as the A555 labeled polymer.
Double labeled polymer: 5uL A555 and 5uLA647 were added simultaneously 
into lmL bicarbonate buffer solution in a small vial. Polymer solution was added into 
the vial at a calculated volume (The total moles of A555 and A647 is at 1:1 ratio with
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respect to the amines on the polymer). The reaction was carried out with stirring for at 
least 24 hours. The resulting indicator was dialyzed using tubing with a MW 12, 000 
cut-off for 3 days.
2.3.4 Measuring the yield of derivatization
The yield of derivatization was measured on the PNIPAM-co-APMA copolymer
as described below. The copolymer was reacted with Alexa Fluor dyes at mole ratio of 
2:1(APMA is excess reagent) for 24 hrs in bicarbonate buffer (pH8.2). Then 
copolymer was placed in dialysis tube(cut-ofif MW= 12000) and run dialyzed for 5 
days. The concentration of Alexa Fluor dyes was measured by fluorescence 
spectrophotometer using a serial of standard solutions in range of 1*10'8M to 1*10'7M. 
The yield was calculated by measuring the concentration o f Alexa Fluor dyes outside 
of the dialysis tube. The Alexa Fluor dyes that pass through the dialysis tubing may be 
underivatized dyes or derivatized PNIPAMs but in small molecular weight.
The percentage of A555that passes through the dialysis tubing is 13.2%. Hence 
the yield for A555 is 86.8%. Similarly the percentage of leaked A647 is determined to 
be 6.7%. Hence the yield for A647 is 93.3%
2.4 Characterization and Instrumentation
2.4.1 Fluorescence Laser Scanning Confocal Microscope
A Zeiss LSM 510 Meta laser scanning confocal microscope was used to
monitor polymer coagulation and acquire the FRET images. A well was created on a 
glass slide using a spacer (Figure 2-2) . The height o f the well is 0.2 mm and diameter 
is 20 mm. Solution samples of lOOpL were injected and a cover slide was put on top
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of it. Sealant was pasted around the well to prevent leakage. The sample was then 
viewed under the microscope. As excitation source, a continuous wave Ar-ion laser 
(543nm) was focused on samples by a 20X objective lens. Fluorescence is collected 
and divided into two color channels, one is Ch3 corresponding to the donor emission 
and the other channel is Chsl corresponding to the acceptor emission. The filter 
settings for Ch3 are BP560-615nm and 660-799nm for Chsl. Pinhole settings are 
Ch3:86um and Chsl: 80um.
Objective
Polymer in aqueous bufferm Covershpm
Microscope slide




Fluorescence measurements were performed on a Cary Eclipse 
spectrofluorometer equipped with a Peltier thermostatted single cell holder. 30pL 
purified indicator stock solution was added to 3 mL DI water in the cuvette. The 
excitation wavelength used for Alex 555 and 647 pair was 555nm in chapter 5 and 
525nm in chapter 6 unless otherwise noted. The volume of DI water or buffer in the 
cuvette is 3 mL. The volumes of added polymer solution varies from 5pL to 50pL. 
Temperature was increased stepwise on the thermostat. Approximately 1 to 10 
minutes were allowed for the signal to stabilize, depending on reaction rate o f specific 
reactions.
The spectrofluorometer was operated in “scan mode”, which scans the 
fluorescence intensity over a preset wavelength range. The scan speed was set at 
medium for good resolution fluorescence spectra were collected after at least 5-min 
equilibration time. The useful information in the spectrum was usually peak height at 
specific emission wavelengths. This was used to qualitatively identify extent of FRET.
Kinetic scannins
Kinetic scanning is also called Time-course fluorescence measurement in this 
study. Kinetic scanning of the FRET-based indicators were also conducted on the 
Cary Eclipse spectrofluorometer. Multi-channel mode was selected for simultaneous 
monitoring fluorescence from both A555 and A647, plus sometimes the intensity of 
second order scattering (SOS). Channel one: excitation at 555nm and emission at 565. 
Channel two: excitation at 555nm and emission at 670nm. Channel three (monitor 
SOS): excitation at 350nm and emission at 700nm. Excitation and emission
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bandwidths were set at 5nm and 5nm respectively. The ratio o f A647:A555 intensities 
vs time was also recorded. During the kinetic scan, conditions such as temperature, 
pH and metal ion concentration were varied. The resulting fluorescence response was 
recorded after the intensity signals stabilized. Samples were injected into the curvet, 
but not followed by stirring.
Fluorometric titration
The fluorometric titration of the indicator by metal ions was performed in 
cuvettes. 10 to 30 pL polymer indicator solution was added to 3 mL DI water or 
buffer solutions. The indicator solution was brought to the desired temperature and 
equilibrated. For a specific concentration of Cu(II), proper amounts o f serial diluted 
Cu(II) stock solutions were added to the cuvette. The volume increase was minimal 
and omitted in the calculation since the volumes added each time were usually lower 
than 30 uL.
Interference experiments involving Zn(II), Pb(II), Ni(II) and Hg(II) were carried 
out using the kinetic scanning mode. The stock solutions of metal ions were prepared 
by serial dilution from 0.01-0.1M stock solution prepared by dissolving salt into DI 
water.
Second order scattering (SOS)
The SOS measurement was also conducted on the same spectrofluorometer as
mentioned above. The excitation wavelength was set at 350nm and emission
wavelength was set at 700 nm. The slit widths were set at 5nm and 5nm unless
otherwise specified.
The SOS measurements were often coupled with fluorescence measurement on
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A555 and A647 through the kinetic multiple channel scanning mode.
2.4.3 UV-Vis absorption measurement
The aggregation process can be measured via observing the turbidity change of
the suspend polymer solution in a cuvette. A cary 500 Uv/Vis standard 
spectrophotometer was used to measure the suspended PNIPAM turbidities when 
changing the condition of the solutions, i.e changing temperature or adding Cu(II).
The turbidity spectra were obtained by scanning from 400 to lOOOnm. The data 
presented in this dissertation refer to the turbidity at 500nm, unless otherwise 
specified.
The yield of fluorophore labeling was also examined by measuring UV-Vis 
absorption o f A555 and A647 at their absorption wavelengths. The concentrations of 
A555 and A647 can be calculated using the provided extinction coefficients of
150,000 and 239,000 M"1cm'1 respectively86, which are provided by Invitrogen.
To study the effect of the ionic groups on the PNIPA phase transition, UV-Vis 
turbidity measurements were carried out kinetically by monitoring the UV-Vis 
absorption at 500 nm.
2.5 Scanning Electron Microscope
An Armray 3300FE scanning Electron Microscope (SEM) was used to take 
picture and measure the size of microspheres. For sample preparation, a drop of 
microsphere suspension was placed onto a graphite SEM platform and left it to air dry. 
Under vacuum, a thin layer of a gold/palladium alloy was then coated on the sample.
2.4.4 Dynamic Light Scattering
Dynamic light scattering measurements were performed with a Zetasizer Nano
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ZS (ZEN 3600) instrument. The technique measures the time-dependent fluctuations 
in the intensity of scattered light from a suspension of particles undergoing random, 
Brownian motion. Analysis of these intensity fluctuations allows for the 
determination of the diffusion coefficients, which in turn yield the particle size. The 
particle size is the most important parameter we like to know when PNIPAM 
undergoes phase transition. The z-average diameter is the mean diameter based on the 
intensity o f scattered light and is sensitive to the presence of aggregates and/or large 
particles. Therefore, monitoring of the progress of the milling of a product can be 





In this chapter, the thermal phase transition of PNIPAM and PNIPAM 
copolymers are examined and discussed. Although PNIPAM has been extensitvely 
studied for its behavior in aqueous solution,87 more research has been undertaken in 
order to better understand the nature o f the phase transition and how it is affected by 
comonomers because this is important for the application to metal ion sensing.
3.1 Comparison between Protein and PNIPAM
The behavior of PNIPAM is similar to that o f proteins. PNIPAM is a poly-vinyl 
polymer which is a chemical isomer o f poly-leucine, but has the polar peptide group 
in the side-chain rather than in the backbone873. This implies that both 
macromolecules have organized intramolecular conformations that are maintained by 
weak forces. The protein’s 2nd order and 3rd order structures are maintained by
On
hydrogen bonds and Van der Waals weak forces. The properties of protein solution 
exhibit a remarkably strong dependence on temperature. An example well-known 
from everyday experience is the denaturation of protein solutions upon heating. The 
temperature-induced conformational change causes an abrupt loss of biological 
activity.89 Similarly PNIPAMs exist as a coils in aqueous solutions.873 This 
conformation is established and maintained by the balance between 
monomer-monomer interaction and monomer-H^O interaction.873 When temperature
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is increased above a critical temperature, around 32°C, an abrupt conformational 
change occurs, from a state of well solvated coils at lower temperature to a state of 
tightly packed globular particles.871 The coil-to-globule collapse is followed by 
globule aggregation, mainly due to intermolecular interactions between the 
hydrophobic groups on the surface o f the resulting globules.871 The two step 
contraction can be explained as following: In aqueous environment, the
monomer-monomer interactions become stronger than monomer-solvent interactions 
as temperature increases; PNIPAM chains collapse and aggregate because contraction 
increases the number of monomer-monomer contacts and decreases the number of 
hydrogen bonding contacts. Although the loss of conformational freedom 
accompanying the coil-to-globule transition results an entropy loss, 871 the overall 
entropy may be larger due to less hydrogen bonding during the process, causing a 
spontaneous phase transition.
Figure 3-1 shows that both PNIPAM coil and protein undergo conformational 
changes when temperature is elevated above certain point. However, the PNIPAM 
coil-globule transition has been proven to be completely reversible as a function of 
temperature, while the protein’s original conformation can’t be recovered after it is 
denatured. These different behaviors are due to structural differences: amide groups in 
protein are hidden inside on backbone, while amide groups in PNIPAM are located on 
branches. Amide groups in PNIPAM are more exposed to solvent than those in protein. 









Figure 3-1 Comparison of internal structure of protein and PNIPAM
3.2 Characterization of the PNIPAM Thermal Phase Transition
3.2.1 T< LCST
When the temperature is below the LCST, PNIPAM conformational changes 
can be tracked by measuring the polymer’s Z-average diameter. Z-average diameter is 
the mean diameter based on the intensity of scattered light. As Figure 3-2 shows, the 
measured Z-average diameter of the polymer increases gradually from 25nm to 85nm 
when temperature is increased but is below the LCST. This suggests that there is a 
small degree of aggregation of PNIPAMs below the LCST.
♦  Z-average a t low tem perature
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Figure 3-2 Z-average of PNIPAM at range from 20 through 30°C. PNIPAM concentration was
lg/L. MW=30,000.
3.2.2 Coil to globule transition
As discussed in the literature,87a there is a balance between monomer-monomer
interaction and monomer-HaO interaction for the PNIPAM coils. Higher temperature 
favors monomer-monomer interaction and lower temperature favors m onom er-^O 
interaction. Therefore elevated temperatures reduce the thermodynamics stability of 
the coil. When the temperature gets higher and is above LCST, the balance will 
change since monomer-monomer interaction becomes the dominant force. This is 
called first stage phase transition90: The coils collapse and become more compact 
globules.
It is difficult to observe this phase transition because the intramolecular
contraction is accompanied by intermolecular aggregation.873 To observe the existence
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of globules, polymer solution must be extremely dilute in order to avoid 
aggregation87®. We attempted to monitor this process on a spectrophotometer by 
Uv-vis and SOS methods. However PNIPAM globules are too small and are beyond 
detection limit of these instruments.
However, it is still possible to observe coil-globule transition using a Malvern 
light scattering instrument. The PNIPAM concentration must be diluted to lg/L and 
temperature should be elevated at an appropriate rate. Figure 3-3 shows the measured 
PNIPAM Z-average diameter at temperature around the LCST. It can be observed that 
the polymer size decreases from 85nm to 51nm when temperature just reaches the 
LCST (-31 °C), and this shrinking process is followed by an abrupt large increase. 
This result confirms that PNIPAM coils go through a contracting phase which is 
followed by intermolecular aggregation.








T em perature in C
Figure 3-3 Z-average measurement on PNIPAM when temperature is around LCST(31°C). 
PNIPAM concentration was lg/L. MW=30,000.Temperature is increased at l°C/min
40
3.2.3 Intermolecular aggregation
The globule aggregation is due to formation of increased dispersion interactions
between isopropyl groups and the decreased stability of water-amide hydrogen bonds 
as the temperature is raised.91
Confocal laser scan microscope was used to investigate the aggregation process. 
Figure 3-4 shows morphology images of the PNIPAM as temperature is elevated from 
25°C to 45°C at a rate of l°C/minute. PNIPAM solution was sealed in a shallow well 
assembled on a microscope slide, as described in Figure 2-2, Chapter 2.
At 25°C, there was no visible particle in the image. When temperature was 
increased to 35°C, many tiny dots appeared in the scope and they grew into particles 
about 5 microns in diameter. As temperature was further increased, larger particles 
can be observed in the image. The number of particles at 45°C is less than at 35°C 
because particles merge during aggregation.
41
40°C 45°C
Figure 3-4 Morphology images of PNIPAM solutions.
These Images were captured by the Zeiss Laser Scanning Confocal Microscopes. The scales for 
all images are the same. Temperature was continuously elevated at rate of l°C/min. The indicator 
concentration was lg/L in 0.1 M MOPs buffer (pH 6.5). MW= 102,000
3.3 Charged PNIPAM Copolymer
3.3.1 Florv’s theory
The behavior of charged polymer has been described by Flory.92 He pointed
out that cross-linked ionic polymers swell in water. When slightly crosslinked 
polymer is placed in a compatible solvent, it will absorb solvent, swelling instead of
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dissolving in the solvent. For ionic polymers, the swelling extent depends on two 
factors: the number of charges on the polymer backbone, and the difference of the 
charge density on the polymer compared to the charge density in the external solvent3. 
The swelling of ionic polymers can be expressed 4 as the following formula:
f  . X i * , CL_ x » )
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where,
qm -  equilibrium swelling ratio 
i as number of electronic charges per polymer unit 
V„ = molecular volume of polymer repeating unit 
S = molar ionic strength 
X, = interaction parameter 
V| = molecular volume of solvent 
v0 = effective number of chains in network 
V0 = volume of unswollen polymer network
According to the above formula, the swelling extent is positively proportional 
to the square of number of charges per polymer unit, given that other conditions 
remain constant.
This theory should also work on polyNIPAM aggregates due to the similarity 
between the two systems. Like covalent polymeric networks, polymer networks 
formed through physical associations are also defined as gel by Flory5. The 
aggregated polyNIPAM will also spread out as charge was put on the backbone. If the
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charge density is high enough, the aggregated polyNIPAM will be de-aggregated 
completely.
We copolymerized polyNIPAM with the following monomers to test the effect 
of electrostatic repulsion on polymer aggregation.
3.3.2 Charged PNIPAM copolymer
Previous reports mostly focus on cross-linked polymers. Flory’s theory has been
validated in this research. However, Flory’s theory should also apply to PNIPAM 
aggregates due to the similarity between the two systems. Like covalently 
cross-linked polymer networks, a network formed through physical associations is 
also defined as a gel by Flory93. PNIPAMs aggregates will spread out into smaller 
particles when charges are imposed on them. If the charge densities are high enough, 
the PNIPAM aggregates will be completely de-aggregate.
The above hypothesis has been tested on a PNIPAM copolymer in this study. 
The copolymer samples were prepared by copolymerizingl mole% N-(3-aminopropyl) 
methacrylamide (APMA) with NIPAM monomers. APMA is a primary amine with a 
pKa close to 10.94 However, the pKa for APMA on polymer should be significantly 
lower.94 This can be confirmed by comparing turbidity o f PolyNIPAM-co-APMA 
copolymer and PNIPAM under the same conditions (pH 7.1 and 40°C). Figure 3-5 
shows that the PolyNIPAM-co-APMA has identical thermal phase transition behavior 
as the pure PNIPAM at pH7.1. This implies that the copolymer is at neural state and 
the pKa of APMA on the copolymer is lower than 7.1. However, when pH is at 3.0, 
the turbidities of the copolymer are much lower than at pH7.1. This implies that 
APMA are protonated at pH3. The charged amino groups on copolymer inhibit the
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aggregation, resulting very small turbidity change.
These phenomena can also be confirmed by visual observation. When the 
copolymers are measured at pH 7.1 at 40°C, white turbidity can be observed from the 
curvet containing polymer solutions. However, the solution remains clear at pH3.0 at 
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Figure 3-5 turbidity intensity vs elevated temperatures from 20°C to 45°C for the PNIPAM and 
copolymer solutions. The PNIPAM-co-1% APMA copolymer(green curve) shows similar phase 
transition behavior as the pure PNIPAM(red curve) at pH7.1. PNIPAM-co-l%APMA copolymer 
at pH3.0 shows lower turbidity. Buffers: measurement at pH3.0 in a 0.1M citric acid buffer, 
pH7.1 was conducted in 0.1 M phosphate buffer. Concentrations for all samples are identical
O.lg/L.
3.3.3 Effect of branch lengths
For cross-linked polymers, the swelling extent depends on the number o f charges
on the polymer backbone.92 In this study, the research object is uncross-linked 
PNIPAM. We found that there is another factor, such as the length o f terminal charged 
branches, affecting the PNIPAM copolymer phase transition. To our knowledge, there 
is no previous literature that has reported on this.
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Similar to APMA, methacrylic acid(MAA) is also a terminal chargeable 
polymerizable monomer. Figure 3-6 shows the structures o f the APMA and MAA as 




    Copolymer skeleton
Figure 3-6 PNIPAM-co-MAA has shorter branches than PNIPAM-co-APMA.
In this study, both APMA and MAA were copolymerized at lmole% with
NIPAM respectively by free radical polymerization in water, as described in Chapter 2.
Figure 3-7 shows the SOS measurement on both copolymers as temperature changes.
The APMA copolymer was measured at pH3.0 and the 1%MAA copolymer was
measured at pH7.1 in order to have their terminal group charged at the specified pHs.
It can be observed that SOS intensities of MAA copolymer (red curve) remain
unchanged at all temperatures. This implies that the thermal phase transition o f MAA
copolymer is completely suppressed due to charges on MAA. However, there is a
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significant SOS increase (from 10 to 600) for the APMA copolymer. The LCST is also 
shifted to 34°C, which is 2°C higher than that of pure PNIPAM. This seems contradict 
to what we observed in turbidity measurement since we only see a slight increase 
(from 0.05 to 0.16) in turbidity measurement at pH 3.0. This is because SOS is 
capable of detecting smaller particles than turbidity method does. The charges brought 
by APMA do suppress formation of effect on the formation of large aggregates. 
However, this effect is not as strong as effect of MAA’s and the charges from APMA 
can’t completely prevent forming small aggregates. These small aggregates can’t be 
detected by turbidity measurement and visual observation. However, they can be
detected by SOS measurement.
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Figure 3-7 SOS intensity vs temperature for MAA and APMA copolymers.
The percentage of MAA and APMA used for copolymerization is lmole%. Polymerizations were
conducted under the same conditions by free radical polymerization in water. The resulting
copolymers were purified under the same procedure. SOS measurements were conducted on a
Varian spectrofluorometer. All instrumental settings for both samples are the same. Excitation
47
wavelength is set at 350nm, The emission wavelength is set at 700nm.The PNIPAM-co-1 %APMA 
was dissolved in phoste buffer (0.1M, pH7.1). The PNIPAM-co-l%MAA was dissolved in an 
acetic buffer (0.1M, pH3). The concentrations of both samples are O.lg/L. Temperature is 
increased at increment of 1°C until the SOS signals are stabilized at each temperature increment. 
The purpose of measuring them at different pH is to protonate their terminal groups and charges
the copolymers at desired pHs.
The distance between polymer backbone and charged terminal groups can 
explain the above phenomena. Since the length o f MAA branch is shorter than the 
APMA, charge repulsion on MAA copolymers has a larger impact on the polymer 
phase transition than on APMA copolymers. Also with a longer branch, the polar 
functional group has more chances of staying out of the aggregates and pointing 
outward into water.
3.3.4 PNIPAM with CufID Receptors
Inspired by protein denaturation by exposure to certain heavy metals, we
developed a PNIPAM functionalized with metal ion ligands that resemble metal 
chelating substituents in proteins. The functionalized PNIPAM was prepared by 
copolymerizing NIPAM monomer and Cu(II) ligand monomers by free radical 
polymerization in DI water.
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Figure 3-8 Cu(II) ligand: N-(2,2'-bipyridin-4-ylmethyl)-N-propylacrylamide (bipy)
The Cu(II) ligand was developed by Shawn Burdette’s group at University of
Connecticut. The structure the ligand is shown in Figure 3-8. Other characterization
data is provided by Shawn as following:95
'H NMR (CDCI3 400MHz) d 8.62 (1 H, d, J  = 4.9 Hz,), 8.54 (1 H, dd, J =  5.0,
0.8 Hz), 8.26 (2 H, d, J =  13.8 Hz), 7.15 -  7.11 (m, 2 H), 6 . 6 8  (1 H, dd, J  = 10.3, 16.7
Hz), 6.52 -  6.41 (1 H, m), 5.83 -  5.76 (1 H, dd, J =  10.3, 2.0 Hz), 4.78 -  4.75 (2 H,
s), 3 .37-3 .30  (2 H, m), 2 .47-2 .43 (3 H, s), 1.69 -  1.58 (2 H, m), 0 .95 -0 .88  (3H, td,
J =  7.4, 3.2 Hz). 13C NMR (CDC13, 100 MHz) S 166.86, 149.63, 149.12, 148.34,
148.10, 129.07, 127.71, 125.17, 127.65, 120.30, 49.84, 48.93, 22.63, 21.34, 11.54.
FTIR (KBr) 3000, 1700, 1618, 1400, 985 cm'1. HRMS (ESI): Calcd for MH+,
296.1763; Found 296.1714.
In order to examine the copolymer’s response to Cu(II), the images of the
polymer solution were captured by Confocal Laser Scanning Microscope as shown in
Figure 3-9. In the absence of Cu(II), copolymer aggregation was observed when the
temperature was elevated above the LCST. However, in the presence of 10’5M Cu(II),
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no aggregation is observed under the microscope. Hence, it can be concluded that the 
presence of Cu(II) has prevented copolymer aggregation.
without Cu(II) With Cu(II)
Figure 3-9 Comparison of the morphologies of polymer with or without the presence of Cu(II) at 
45°C. The indicator concentration was lg/L in 0.1 M MOPs buffer(pH6.5). MW=102,000
We also measured SOS in the presence and absence of Cu(II) at 45°C. The 
SOS intensities increase with increasing particle size. Therefore the particle sizes in 
solution can be monitored by observing relative changes of SOS intensities. As shown 
in Figure 3-10, SOS intensity increase as temperature goes above LCST due to 
polymer aggregation. After Cu(II) solution was injected, the relative SOS intensity 
plunges to 8 8  from 340. The SOS changes show that the particle sizes become smaller 
after Cu(II) is added, supporting the hypothesis that Cu(II) causes the copolymer to 
deaggregate.
Control experiments were carried out with pure PNIPAM and Poly(NIPAM-co 
vinylpyridine). Both samples did not respond to added Cu(II) concentrations up to 
10'5M in MOPs buffer (pH6.5). (Cu(II) concentrations higher than 10'5M will result in
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Figure 3-10 Second order scattering (SOS) intensities as a function of solution composition and 
temperature. The copolymer concentration is 1x10"5M in terms of bipy concentration in water. 
Firstly the temperature was raised to 40°C (red curve), then 10pL Cu(II) stock solutionQO^M) 
was injected(blue curve), and finally the temperature dropped to 29°C(purple curve). Settings: 




INTERMOLECULAR APPROACH TO CU (II) INDICTORS 
BASED ON CONCENTRATION DEPENDENT CU(II) INDUCED
DEAGGREGATION COUPLED TO FLUORESCENCE 
RESONANCE ENERGY TRANSFER
4.1 Introduction
Copper pollution is a serious threat to fishes in rivers and lakes because Cu(II) 
may hurt fish’s sense organs when its concentration exceeds a certain level.96 The 
toxicity of Cu(II) depends on free rather than total metal ion concentration.24 ,97
Most current techniques (i.e. ICP-MS, AA and AE) measure total Cu(II) , not 
the free Cu(II) concentration. The results obtained from those methods cannot be used 
directly for evaluating copper toxicity to fishes. Since total Cu measurements proved 
inadequate in predicting sample toxicity, the biotic ligand model was developed based 
on the assumption that ligands on the fish organism bind Cu. The biotic ligand model 
corrects for Cu availability by correcting for dissolved organic carbon and other metal 
ions that may compete with Cu(II). Better correlations between toxicity and 
concentration are obtained with this model;97a' 98however, it remains an indirect and 
time-consuming measurement.
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Indicators that directly measure free Cu(II) were reported in previous literature. 
Most indicators are fluorescent ligands that change their emission properties upon 
complexation. They are based on copper quenching and involve measuring 
fluorescence intensity at a single emission wavelength. This measurement is readily 
perturbed by environmental factors, such as pH, temperature, solvent polarity28 and 
the presence o f other quenchers. Consequently, these indicators cannot be reliably 
used for accurate measurements, especially in complicated matrixes.
We are developing ratiometric fluorescent indicators that overcome the copper 
quenching properties using the thermal phase transition of PNIPAM. PNIPAM is a 
promising transducer material because its dimensions show a large change in response 
to environmental stimuli, such as temperature, pH and electrostatic charge."
In this chapter, we discuss a new intermolecular approach to ratiometric 
fluorescent indicator preparation based on fluorescence resonance energy transfer 
(FRET) . 100 The indicator consists of a mixture of polyNIPAM-ligand copolymer 
labeled with either a donor or acceptor fluorophore, each containing a small amount o f 
a Cu(II) chelator. When dissolved in solution, the distance between the donor-labeled 
and acceptor-labeled polymer strands exceeds Critical Radius for FRET and donor 
emission predominates. Above the LCST, the strands aggregate, bringing the donor 
and acceptor close enough for efficient FRET. Adding Cu(II) to the aggregated 
copolymer introduces a charge onto the backbone, causing the copolymer to 
deaggregate, which decreases FRET.
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4.2 Design and Strategy
4.2.1 Strategy
Cu(II) provides a challenging target for ratiometric fluorescent indicator 
development because it typically quenches emission of organic fluorophores. In this 
design, we overcame this problem by positioning ligand and fluorophore separately 
on a PNIPAM backbone. Thus Cu(II) and fluorophores are spatially separated when 
Cu(II) binds to the ligand. The ligand used in this strategy must bind Cu(II) 
selectively and remain uncharged at neutral pH. PNIPAM containing a small percent 
of ligands exists as an aggregate above the LCST. Upon Cu(II) complexation to the 
polymerized bipy ligands, the charge introduced onto the polymer backbone shifts the 
LCST higher, which causes the PNIPAM aggregates to dissociate into individual 
polymer strands (Figure 4-1). If individual polymer strands contain either the donor or 
acceptor fluorophore of a FRET pair, the fluorescence ratio intensities corresponds to 
the Cu(II) concentration. Since this approach involves two separate polymer strands, 
it results in large changes in intensity ratio.
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AlexaFtuorSSS (Donor) Excitation/Emission
AlexaFluor647 labeled polyNIPAM (Acceptor strand) AlexaFluor647 (Acceptor) Emission
Figure 4-1 Signal transduction mechanism in polymeric indicators. At low temperatures the 
donor- and acceptor-labeled strands exist as independent entities. Excitation of the donor
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fluorophore results in emission characteristic of AlexaFluor555. As temperature increases, the 
polymers aggregate into globular structures, allowing FRET to occur between the donor and 
acceptor fluorophores. Excitation of the donor, AlexaFluor555, results in emission from the 
AlexaFluor647 acceptor fluorophore. Addition of Cu(II) introduces charge onto the polymer 
backbone, which causes disaggregation of the polymer globules preventing FRET. Subsequent 
excitation of AlexaFluor555 gives primarily emission from the donor fluorophore.
4.2.2 Choose a CufID receptor
The receptor used in this design must meet two criteria. One is that the ligand
must bind Cu(II) tightly, i.e. have a large Kfwith Cu(II). We tested vinylpyrindine, but 
its performance is not satisfactory. Polymer containing these ligands don’t respond to 
added Cu(II) in SOS measurement. We attribute this to weak binding.
According to Holyer’s work89, it was found that Cu(II) has the stronger 
reactivity than most other transitional metal ions complexing with 2, 2'-Bipyridine. 
The second-order rate constant for forming the 1:1 complex increases in the sequence
Ni(II) <Co(II) < Zn(II) < Cd(II)~Cu(II) < Hg(II).
Therefore bipy was selected as ligand due to the high Kf. Hg(II) tends to 
form 1:2 complexes—Hg(bipy)22+ with a high formation costant of 10n . However bipy 
moieties are sparsely fixed on a polymer strand and there are not enough freedom for 
forming 1 :2  complex.
The other criterion is that the receptor must be a monomer of acrylamide or 
methacrylamide so that the ligand can be evenly distributed when it is copolymerized 
with another acrylamide monomer—NIPAM. However, there is no polymerizable bipy 
ligand that we can purchase and use directly. Our collaborator, Shawn Burdette
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synthesized a methacrylamide monomer containing 2 ,2 ’-bipyridine that meets both 
the criteria. This compound was described in Chapter Three.
4.2.3 Choose an appropriate FRET fluorophore pair.
It is challenging to find fluorophore pair that works for our indicator platform in
terms of performance and compatibility. The appropriate fluorophore pair should meet 
the following criteria:
(a) Bright, the fluorophores must have high quantum yields so that high sensitivity can 
be achieved using a very small percentage of labeled fluorophores.
(b) Hydrophilic, the fluorophores must be soluble in water so that they can be 
conjugated with aqueous NIPAM.
(c) High labeling yield. In this study, N-(3-aminopropyl)methacrylamide (APMA) 
was used as fluorophore linker. A small amount of APMA was copolymerized with 
NIPAM prior to fluorophore labeling. We expect the yield of reaction between 
fluorophore and APMA reach 80% or higher. Higher yields ensure batch to batch 
consistency and make it easier for us to accurately estimate the amount o f labeled 
fluorophores.
(d) Environmental fluctuations have the same impact on donor and acceptor 
fluorescence intensities. This is a very important criterion since we expect the 
indicator to only respond to Cu(II), not to other inputs such as temperature and 
microenvironment polarity. Hence environmental fluctuations are canceled out 
because the fluorescence intensity ratio of acceptor to donor remains the same.
Alexa Fluor dyes meets all these criteria since they are bright, 101 hydrophilic, 102 
and have a high yield in amino allyl labeling. 103 Alaxa Fluor555 and Alexa Fluor 647 
were selected as the dye pair in this study. Table 4-1 lists properties of these two dyes.
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A555 Yellow-Green 555 565 -1250 150,000 0 .1
A647 Red 640 665 -1300 239,000 0.33
* = approximate color of the emission spectrum 
a = extinction coefficient
Figure 4-2 shows normalized emission spectrum of A555 and absorbance 
spectrum of A647. A broad overlap for the two spectra can be observed from 550nm 
to 670nm. The overlap integral J(orange area) represents the degree o f overlap 
between the donor fluorescence spectrum and the acceptor absorption spectrum and is 
given by
/  =  J0°° F<j(A)£i4(A)A4dA (Formula 4-1)
Where K is the wavelength of the light eA(^) is the molar extinction coefficient of the 
acceptor at that wavelength, and fd (X) is the fluorescence spectrum of the donor 
normalized on the wavelength scale104. The cumulative overlap integral J was 
calculated to be “5.19E+15” using Hink’s calculation method105. According to 
Formula 4-2, higher spectral overlap ( J ) corresponds to a larger Critical Radius (Ro) 
for a dye pair.
In this work, calculating Critical Radius (Ro) of donor-acceptor pairs is a 
prerequisite. We need to know Ro to estimate the desired averaged distance between a 
donor and an acceptor. Since J has been determined, Ro can be calculated using
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R0 =  0.2108 [K2&dn~4J](1/6  ^ (Formula 4-2)
K2 represents orientation factor and can be assumed to be 2/3, corresponding to 
the situation of a rapid, isotropic rotation of the donor and acceptor molecules.5 3 ,106 
According to Table 4-1, quantum yield of donor ®d is 0.1.
Formula 4-2 was incorporated into excel spreadsheet according to Hink’s 
calculation method105. Ro was calculated to be 46A. This calculated Ro is close to 50 
A, the value disclosed by Invitrogen.
-Normalised donor fluorescence -Normalised acceptor absorbance
1
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Figure 4-2 Normalized emission spectra of A555 and absorption spectra of A647.The absorption 
spectra of A647 were measured on a Varian Uv-vis spectrophotometer. The emission spectrum of 
A555 was measured on a fluorescence spectrophotometer. Temperature was at 25°C for both
measurements.
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4.2.4 Architecture of the Cu(ID Indicator
As shown in Figure 4-3, the designed indicator includes three units:
Transducer units, bipy ligands and Alexa Fluor units. The Alexa Fluor is separated 
from bipy ligands by many NIPAM units. This architecture reduces the odds that 
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Figure 4-3 Architecture of the intermolecular indicator which includes three units: NCPAM for 
transducer, bipy for recognition and Alexa Fluor for readout.
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4.3 Advantages of This Strategy
The indicator design addresses the quenching problem by spatially separating 
the metal chelator from the fluorescent signaling moiety.
Also this indicator has been proved to be well suited for fluorescence imaging. 
FRET spots can be readily observed in images obtained by Confocal Laser Scanning 
Microscopy.
4.4 Indicator Synthesis and Characterization
The desired polymers were prepared in bulk as described in section 2.3.1 of 
Chapter 2. GPC measurements of PNIPAM-co-APMA-co-bipy revealed a Mn of 1.02 
x 105, Mw of 1.54 x 105 and a PDI of 1.50. Since the molar mass of NIPAM is 113.16 
g/mole, the indicator contains -1000 monomer units per polymer chain. The presence 
of bipyridine in the copolymer was confirmed by NMR spectroscopy. The percentage 
of bipyridine in this polymer is ~ 2  % based on the integrated intensity o f the 
bipyridine band compared to the signal from the copolymer. Hence each polymer 
chain contains an average o f 20 bipy moieties. Once prepared, the polymer was 
divided into two portions. One fraction was labeled with AlexaFluor555 to produce a 
donor-labeled polymer strand, and the other was functionalized with AlexaFluor647 to 
produce an acceptor-labeled polymer strand. The fluorophore derivatives are amine 
reactive and couple readily with the APMA units incorporated in the polymer. Since 
the derivatization yields were determined to be 87% and 93% for A555 and A647 
respectively, there are around 9 dye moieties in the final polymer.
For the purpose of convenience, subsequent concentrations of indicator are
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calculated based on the total bipy concentrations. For example, a concentration of 1 X 
lO^M indicator corresponds to a polymer concentration of 5  X 10'8M( or 0.0056g/L) 
because there are an average of 2 0  bipy moieties per polymer strands.
4.5 FRET Visualization Using Confocal Fluorescence Microscopy
Confocal fluorescence microscopy was used to investigate the phase changes 
leading to changes in the ratio of acceptor to donor emission intensity(Figure 4-4). 
Using an artificial color map, green color corresponds to donor fluorescence emission, 
red represents acceptor emission, and brightness correlates with relative intensity. In 
the absence of Cu(II) at 25 °C (Figure 4-4A), the darkness in the acceptor channel 
means no emission, hence, no FRET was observed. Furthermore, the homogeneous 
tint suggests that the indicators are in solution. As temperature increased to 35 °C, 
dots with 5-10 pm diameters emerged in both channels, indicating aggregation. 
Enhanced red brightness in the acceptor channel and the merged channel demonstrate 
FRET from donor to acceptor. As the temperature increases to 45 °C, the aggregated 
particles grow and the reddish tint becomes substantial in both acceptor and merged 
channels. Hence, the confocal microscopy images show that, in the absence of Cu(II), 
the usual FRET associated with thermal phase transition is observed. As the 
temperature increases, PNIPAM aggregates, which brings the donor and acceptor 
closer and increases FRET.
In the presence of Cu(II) (Figure 4-4B), the tint in the acceptor channel was
consistently dark at both high and low temperatures. In addition no particle formation
was observed. This result suggests that Cu(II) disrupts FRET by inhibiting
aggregation. The charge introduced on the copolymer by Cu(II) binding is sufficient
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to shift the LCST above 45 °C. Based on the molecular weight of the copolymer and 
the nominal percentage of ligand in the polymer, there are an average o f 2 0  bound 
Cu(II) ions per polymer strand. The decreases in intensity as the temperature 
increases from 25 to 45 °C are consistent with thermal quenching107 and 
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Figure 4-4 Confocal microscopy of polymer indicators.
4-4A. In the absence of Cu(II), the PNIPAM indicators are dispersed in solution(l * HP4 M 
indicator in phosphate buffer pH = 7.1) at 25 °C as indicated by the uniform signal. As 
temperature increases, polymer globules become more apparent from the punctate pattern with
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emission indicative of FRET between the donor and acceptor fluorophores resulting from
aggregation of polymer strands.
4-4B. In the presence of Cu(II), the identical changes in temperature do not lead to any visible 
changes in polymer morphology or emission. This indicates that the polymer strands stay in 
solution because of the charge introduced by Cu(II) binding.
4.6 Fluorescence Spectroscopy Study
Figure 4-5 shows the spectra o f the intermolecular indicator in solution. The 
observed results are consistent with fluorescence microscopy: The spectra obtained at 
25 °C shows a strong emission peak for AlexaFluor555 donor fluorophore with only 
weak emission from the AlexaFluor647 acceptor fluorophore. The intense emission at 
570 nm corresponds to donor emission, while acceptor fluorescence remains very 
weak. At 45 °C, the intensity at 647nm increases substantially due to FRET from 
donor to acceptor. The intensity at 555 nm decreases significantly. This is partially 
due to FRET and partially due to thermal quenching. The ratio of acceptor to donor 
emission intensity increases ~10-fold from 0.05 to 0.48. The orange curve 
corresponds to the spectrum obtained after adding Cu(II) to give a final concentration 
of 1.0 x 10'5 M at 45 °C. The acceptor emission at 670 nm is no longer visible while 
the donor emission only decreases slightly. However, this slight decrease deviates 
from our forecast. We expect that donor intensity should increase since FRET is 
reversed by adding Cu(II). There are two possible factors that may explain the 
contradiction: one is the decreased scattering light: the intensity measured at 555nm is 
partially contributed by scattering light because excitation light at 525nm is very close 
to 555nm. The intensity contribution from scattering decreases due to deaggregation
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by adding Cu(II). Hence the overall intensity goes down. The other possible factor is 
Cu(II) quenching. Ideally, ligands and dyes should be spatially separated by NIPAMs 
in this design if APMA and ligands are evenly distributed on a backbone during the 
polymerization. However, in real cases, it is likely that some dyes are next to ligands 
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Figure 4-5 Fluorescence emission spectra of the indicator solution((l x 10‘6 M indicator in 
phosphate buffer pH = 7.1) with or without Cu(II) at different temperatures. At 25 °C the polymer 
remains soluble and excitation at X= 525 nm results in emission from AlexaFluor555 (blue). 
Increasing the temperature to 45 °C causes the polymer to collapse into a globular structure. The 
close proximity of polymers labeled with donor fluorophore and acceptor fluorophore allows 
inter-polymer strand FRET, which increases the emission intensity from AlexaFlour647 when 
excited at X= 525 nm (red). The addition of Cu(II) induces deaggregation to produce independent 
polymer strands and a loss of FRET (orange).
Time course experiments also support the polymer aggregation/disaggregation 
signal transduction model (Figure 4-6). In the absence of Cu (II), when temperature
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increases abruptly from 25°C to 45 °C (at 25 min), the polymer aggregates decreasing 
the donor emission(Figure 4-6 A) and increasing the acceptor emission 
intensity(Figure 4-6 A) and the acceptor/donor emission intensity ratio(Figure 4-6 B). 
Upon the introduction of 1 x 10'7 M Cu(II) (45 min), slight intensity and ratio changes 
can be observed. When additional Cu(II) was added to bring the total concentration to 
lxlO '5 M (65 min), acceptor fluorescence intensity decreases significantly and the 
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Figure 4-6 Time-course fluorescence kinetic scanning experiment
4-6 A. Fluorescence intensity and intensity ratio changes with changes in temperature and the 
addition of Cu(II) (1 * 10"6 M indicator in phosphate buffer pH = 7.1). At 25 °C 
AlexaFluor555, donor fluorophore, emits with high intensity with excitation at 1= 525 nm 
without any measureable fluorescence from the acceptor, AlexaFluor647. At 25 min the 
temperature was increased to 45 °C, which results in polymer aggregation and the subsequent 
FRET that is responsible for the increase in intensity of die acceptor fluorophore. Incremental 
addition of Cu(II) to increase the total concentration to 1 x 10' and 1* 10'5 M results in a 
modest and drastic decrease in acceptor fluorescence respectively as deaggregation of
polymer strands disrupts FRET.
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4-6 B. Changes in emission intensity ratio of the acceptor AlexaFluor647 to donor 
AlexaFluor555 corresponding to the intensity changes shown in 4-6A.
The intermolecular ratio fluorescent Cu(II) indicator is based on changes in 
the extent of FRET caused by changing Cu(II) concentration.(Figure 4-7A) As the 
temperature increases, PNIPAM aggregates, which brings the donor and acceptor 
closer and increases FRET. This increases the acceptor/donor emission intensity ratio 
from 0.048 to 0.45. The LCST occurs at ~33 °C, which is close to the LCST for pure 
PNIPAM, so the presence of bipy and fluorophore on the polymer chain does not 
significantly alter the LCST. The magnitude of the change in emission ratio decreases 
with increasing Cu(II) concentrations. The intensity ratio declines by almost a factor 
of ten as the Cu(II) concentration is increased from 1.0 x 1 O'7 M to 1.0 x 10"4 M at 
45 °C. The ratio still changes slightly even at very high Cu(II) concentrations. 
However, the presence of Cu(II), even at a high concentration of 10'4M(pink curve in 
Fig. 4-7A) can’t completely eliminate ratio change. The basal ratio change probably 
results from defect polymer chains that contain little or no bipy ligand. These defect 
polymer strings contributed to the ratio increase because there were no Cu(II) charges 
on them inhibiting the aggregation process.
Figure 4-7B shows the relationship between fluorescence intensity 
acceptor/donor intensity ratio and Cu(II) concentrations for the indicator at 45 °C. The 
intensity ratio vs. pCu curve is sigmoidal, where pCu = -log[Cu(II)]. The half-way 
point between the maximum and minimum values corresponds to the log Kf of the 
polymeric indicator. The pCu value of 6.2 of the indicator is less than the Kf for the 
1:1 [Cu(bipy)]2+ complex (pCu = 8.1), which indicates that polymer bound bipy binds 
Cu(II) more weakly than free bipy because hydrophobic interactions between the 
neutral bipy and the PNIPAM backbone stabilize the neutral ligand relative to the
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charged complex. Both the shape of the intensity ratio vs. pCu curve and the observed 
binding constant are consistent with formation of a 1:1 complex. The low 
concentration of ligand attached to the polymer backbone reduces its mobility, and 
inhibits cooperative binding of multiple bipy ligands to a single Cu(II) ion.
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Figure 4-7 Ratio of A/D in the function of Temperature and pCu
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4-7 A Fluorescence intensity and intensity ratio changes with changes in temperature and the 
addition ofCu(II) of various concentrations (1 x 10-6 M indicator in phosphate buffer pH = 7.1). 
At 25°C the ratio is constant. As temperature increases, the polymer aggregates dependent on the 
Cu(II) concentration. At high Cu(II) concentrations, aggregation is impaired, limiting FRET that 
keeps the acceptor/donor ratio low. At low Cu(II) concentrations, the polymer collapses increasing
FRET.
4-7B At 45 °C, the ratio change in acceptor/donor emission intensity is linear between 4.7-7.3
where pCu = -log[Cu(II)].
4.7 Dependence on Indicator Concentrations
Figure 4-8 shows that the indicator performance was highly dependent on the 
indicator concentrations. The ratio change in response to same amount of Cu(II) 
injection was small for indicator at extremely low concentration. This suggests 
smaller aggregate sizes when the indicator concentration is low.
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Figure 4-8 Dependency of ratio changes on indicator concentration. The experiments were 
conducted in 0.1M phosphate buffer (pH7.1). 30pL Cu(II) stock solution(at 10 M) was added into
a curvet containing 3mL solution.
Figure 4-9 shows time needed for the indicator to reach 80% of its final ratio 
values after Cu(II) was added. It can be observed that the lower indicator 
concentration, the longer time it takes to reach a stable ratio. This behavior is due to 
very low polymer concentrations, causing PNIPAM aggregates to be smaller and 
aggregation/deaggregation equilibria to be slower. At lower concentrations, the time 
required for two polymers involved to find each other increases. This limits this 
indicator design to applications where the Cu(II) concentration is 10 pM or lower.
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Figure 4-9 Dependency of reaction time on indicator concentrations.
The experiments were conducted in 0.1 M phosphate buffer (pH7.1) by the spectrofluorometer. 
30pL Cu(II) stock solution(at lO^M) was added into a curvet containing 3mL solution.
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4.8 Reverse Test by adding EDTA
EDTA is a stronger ligand than bipy. Hence adding EDTA can remove Cu(II) 
from indicators they previously bonded on.
Figure 4-10 shows a time course experiment involving a series of changes. 
FRET was established at 15min after temperature is elevated to 40°C, then it was 
eliminated by adding Cu(II) at 43min. When excess EDTA was injected, FRET was 
re-established gradually. This confirms that the observed ratio changes are due to 
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Figure 4-10 FRET was re-established as Cu(II) were taken away by EDTA (1 x 10-6 M indicator
in phosphate buffer pH = 7.1).
71
4.9 Copper Quenching Study
In order to examine the fluorescence loss caused by Cu(II) quenching, the 
absolute fluorescence intensity of the copolymer labeled with 1% AlexaFluor555 were 
measured without the presence of Cu(II).(Io) Then the fluorescence intensities of the 
copolymer were measured at the presence of various Cu(II) concentrations.(IcU(ii)).
The quenched fluorescence can be calculated in the following equation:
Quenching%  = 7°~/cuWx  100% h
The intermolecular indicator is designed to address the Cu(II) quenching 
problem by spatially separating the metal chelator from the fluorescent signaling 
moiety on a macromolecule. Unlike most other fluorescence sensors which are based 
on quenching, this indicator showed less than 10% fluorescence loss as Cu(II) were 
added in range of 10'8 to lO^M (Figure 4-11). It is worth mentioned that the ratio of 
A647/A555 remain constant when injecting Cu(II) solution from 10'8M to lO^M at 
room temperature.(Figure 4-12) Therefore, even though there was quenching, the ratio 
of A647/A555 remain unchanged because quenching affects both fluorophores to the 
same extent.
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Figure 4-11 Fluorescence quench percentages caused by adding Cu(II) on the indicators (1 * 10'5M)
in water at Room Temperature.
Fluorescence loss of A555 upon Cu(II) addition(red curve).The excitation wavelength is 
525nm,emission wavelength is 565nm. The bandwidths for both excitation and emission are 5nm.
Fluorescence loss of A647 upon Cu(II) addition(green curve).The excitation wavelength is 
647nm,emission wavelength is 665nm. The bandwidths setting is the same as (a).
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Figure 4-12 Ratio of A647 to A555 in the presence of different Cu(II) concentrations. Indicator 
concentration was at 1*10'5M. Room temperature
4.10 Interference Study
Table 4-2 shows the formation constant of bipy and transition metal ions. The 
formation constants are cited from Critical stability constants. Based on the Cu(II) 
sensing range that corresponds closely to [Cu(bipy)]2+, multiple bipy ligands do not 
appear to interact with a single metal ion because the bipy moieties are fixed on 
polymer backbone. Therefore 1:1 M:L Kf values have been provided for comparison. 
The ratiometric response of the polymer indicator to various metal ions was evaluated. 
Cu(II) not only has a relative large formation constant with bipy but also the largest 
response at all concentration levels, so other metal ions cannot interfere with Cu(II) 
measurements when at concentrations lower than 1 pM.
It is also worth mentioning that metal ion response depends on the conditional 
formation constant. As far as bipyridine is concerned, this is not an issue because 
bipyridine is completely deprotonated at the pH of our measurements. However, the 
conditional formation constant can be affected by the availability of the metal ion. For 
example, bipyridine complexes to Fe(III) but this is not a problem for our 
measurement because Fe(III) is tied up as a hydroxide complex at neutral pHs. By 
measuring Cu(II) activity we are essentially determining the conditional formation 
constant for Cu(II) bipyridine complexes.
This indicator does not response to Hg(II) although the it Hg the highest logKf 
among all transitional metal ions. However, according to ‘s research, Hg(II) tends to 
form 2nd order formation Hg(bipy)22+ with a high 2nd order formation costant around 
1011. Since bipys were fixed on indicator, there is less freedom for 2nd order formation.
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Hence the indicator fixed bipy’s reactivity is very litte for Hg(II) and Cu(II) 
measurement can’t be interfered by Hg(II).
The 3-D format graph in Figure 4-13 shows our indicator has the strongest 
response to the Cu(II). Therefore the indicator’s selectivity is good when these 
interfering concentrations are lower than 1 pM. Excess Ni(II), Co(II) and Zn(II) may 
interfere with Cu(II) measurement since the indicator responds to 0.1 mM and ImM 
levels of these metal ions.
Table 4-2 Percent change in acceptor/donor fluorescence ratio of polymer indicator in the
presence of various metal ions.
IogKf 0.1 nM 1 pM 10 pM 0.1 mM 1 mM
Cu(D) 8.12 -36.1 -513 -59.6 -64.2 NA
CoP) 5.8 0 -6.0 -10.4 -13.2 NA
NiCH) 7.04 0 -4.5 -20.0 -23 -20.8
Zn(II) 5.12 0 -8.1 -9.4 8 11.1
Ctlfll) 4.24 0 -4.8 -8.23 -13.62 -27.5
Hg(TO 9.64 0 0 0 -1.3 NA
Pb(H) NA 0 0 2 NA NA
Indicator concentration = 1 * 10"6 M in fresh distilled pure water, based on the total concentration of
bipy in solution. Fluorescence intensities were measured 5min after Cu(II) addition to reach 
equilibrium. Ratio = Acceptor Emission^ 670 nm/Donor Emission*. = 565 Ratio change % =
[(RatiOindicator -  Ratio M(ii) indicator)/Ratio indicator] x 100. NA indicates precipitation of metal the stated 
concentration.
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Figure 4-13 Indicator responses to other transition metals that potentially interfere Cu(II).
4.11 Approaches to Lowering the Working Temperature
The indicator must be used at temperatures higher than the LCST since the 
strategy involves intermolecular aggregation. This requires additional devices to 
elevate and maintain temperature when the indicator is used. Hence experiments were 
conducted to lower the phase transition temperature in order to use the indicator at 
room temperature.
4.11.1 Indicator modified with t-butvl acrvlamide
It was reported that LCST can be shifted to lower temperature when NIPAM is
copolymerized with t-butyl acrylamide.109 In order to prepare Cu(II) indicators that 
works at room temperature, we prepared a serial of such copolymers containing 0-20
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mole% t-butyl acrylamide. The copolymers are prepared in water by free radical 
polymerization, as described in Chapter two. LCSTs of these samples were measured 
by Uv-vis absorbance and SOS methods. Figure 4-14 shows the measured LCST of 
copolymers shifts to lower temperature with increasing percentage of t-butyl 
acrylamide. When the percentage of t-butyl acrylamide reaches 20%, the LCST is 
25°C.
J—too
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Figure 4-14 LCST of the copolymerized indicator shifted to lower temperature as %t-butyl 
acrylamide increased. The conentration of the samples are at 0.1 g/L in Phosphate Buffer(0.1M,
pH 7.1).
Hence room temperature indicator can be prepared by copolymerizing NIPAM, 
20% t-butyl acrylamide, 2 mole% bipy monomers and followed by labeling lmole % 
A555 and A647 respectively as described in Chapter 2. The resulting modified 
indicators showed substantial A/D ratio changes to added Cu(II). Figure 4-15 shows
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that A/D ratio measured with this indicator gradually increases from 0.063 to 0.253 
with the increasing temperatures in the absence of Cu(II). However, the A/D ratio 
increases only slightly from 0.057 to 0.08 in the presence of Cu(II). At 40°C, the 
A/D ratios are 0.198 in the absence of Cu(II) and 0.071 in the presence of Cu(II). The 
ratio decreases by almost a factor 3. This ratio decrease is significant change. 
However, it is not as large as the fator of almost 10 observed for unmodified indicator 
used at 40°C.
Ratio of Modified Indicator in response to temperature and
Cu(II) presence
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Figure 4-15 Ratio of modified indicator in response to temperature and the presence of Cu(II)(5 X 
10'5M). Indicator concentration was O.lg/L in Phosphate buffer(0.1M, pH7.1)
4.11.2 Indicator based on polv(lV-n-propvlacrvlamide-co-NIPAM 1 copolymer
N-n-propylacrylamide(NNPA) is similar to NIPAM in structure except the
slight difference in configurationof the terminal alky groups.
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Poly(N-n-propylacrylamide) (PNNPA) also has thermal phase transition similar to 
PNIPAM, but the LCST is 22°C, much lower than PNIPAM’s LCST. In this study, we 
prepraed NNPA modified indicators by copolymerizing NNPA with NIPAM. Figure 
4-16 shows A/D ratio in response to temperature change for modified indicator 
containing 20mole% NNPA. Indicators without NNPA, as control sample, was also 
tested under the same experimental conditions. The LCST of modified indicator shifts 
to 25°C, lower than the LCST of PNPAM. Smilar to t-butylacrylamide modified 
indicators, there is a tradeoff. NNPA modified indicator lowered the LCST but with a 
decrease in the ratio change upon the same temperature stimulus. It can also be 
observed in Figure 4-15 that there is a gradual ratio increase with the increasing 
temperature. This probably is due to the heterogeneity of the copolymer.
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Figure 4-16 LCST shifted to 25°C for indicator modified with 20% NNPA and comparison to 
indicator without NNPA. Indicator concentration was 1 x 10'5M in MOPs at pH7.2
4.12 Conclusion
We have demonstrated a new indicator configuration based on metal 
ion-induced changes in the thermal phase transition of PNIPAM. By introducing bipy 
onto the polymer backbone, Cu(II) binding causes PNIPAM to disaggregate above the 
LCST of PNIPAM. Indicator sensitivity to various transition metal ions correlates the 
formation constants for 1:1 M:L complexes. Since polymerized bipy binds Cu(II) 
more strongly than other heavy metal ions, the indicator is selective for Cu(II).
This approach to developing indicators has several important features. Since 
the fluorescent reporting groups are decoupled from the metal binding ligand, the 
indicator generates a ratiometric response to metal ions like Cu(II) that normally 
quench fluorescence. The intermolecular configuration produces a ~ 10-fold change in 
intensity ratio with Cu(II) concentration, which means small changes in Cu(II) 
concentration can be measured. The main drawback of the current system is the 
influence of aggregation-deaggration kinetics. Below total ligand concentrations of 1 
x 10‘6 M, the slow response times limit the indicator’s applications to ones where the 
total Cu(II) concentration is 1 * 10~5 M or larger.
In order to develop the indicator that can work at lower temperature, modified 
indicators were developed by including t-butyl acrylamide or NNPA at a known level. 
These modified indicators had working temperature at around 25°C, but magnitude of 
the ratio change was reduced
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CHAPTER 5
ROOM TEMPERATURE CU(II) INDICATOR BASED ON 
INTRAMOLECULAR FLUORESCENCE RESONANCE 
ENERGY TRANSFER
5.1 Introduction
In last chapter, we discussed an intermolecular indicator approach to free Cu(II) 
detection. The indicators were copolymers of PolyNIPAM-co-bipy-co-APMA which 
are singly labeled (SL) with either A555 or A647. A555 labeled copolymers and A647 
labeled copolymers are combined for use as Cu(II) indicator. The working mechanism 
relies on intermolecular PNIPAM aggregation. However, there are two problems with 
this approach: one is that the measuring temperature must be above LCST of 32 °C; 
the other is that requires indicator concentration must exceed be above lxlO^M. In 
order to use this approach, total Cu(II) must be 10"5M or more to avoid perturbing the 
Cu(II) equilibrium.
In this Chapter, we described an intramolecular FRET approach that overcome 
the above two problems. This approach was inspired by one of the early studies 
discussing conformational change in duplex DNA induced by Zn2+ and other divalent 
metal ions.110 Zn2+ bonds to duplex DNA at pHs above 8 and causes a conformational 
change.
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We used PNIAM strand, like a DNA duplex, as the transducer. Each indicator 
contains a small amount ligands and fluorophore linkers. Both donor and acceptor 
fluorophores were randomly labeled on the same polymer strand, instead of on 
separate strands as the approach discussed in chapter 4. When Cu(II) ions are in 
presence, the ratio of donor to acceptor fluorescence changes due to changing FRET 
coupled by conformational change driven by binding Cu(II). This approach doesn’t 
rely on intermolecular aggregation and at temperature above the LCST because of 
intramolecular mechanism.
In this study, formulation variables, including bipy percentage, ratio o f A555 
and A647 used for labeling, are discussed for preparing the indicator with optimized 
performance. Parameters and conditions of using the indicator are also discussed. 
Finally, the prepared indicator was tested in two applications, serum and waste water.
5.2 Design and Strategy
Figure 5-1 shows the architecture of the intramolecular indicator developed in 
this study. Similar to the intermolecular architecture in chapter 4, this indicator 
consists of the same backbone o f PNIPAM-co-bipy-co-APMA, but different strategy 
in dye labeling. Hereby both A555 and A647 were labeled on the backbone via 
amino-allyl reaction with the APMA. The average distance between donor and 
acceptor can be tuned by changing the percentage of dyes at the labeling step. A 
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Figure 5-1 Architecture of intramolecular indicator that included three units: NIP AM transducer 
unit, bipy recognition unit and intramolecular FRET readout units.
Figure 5-2 shows the strategy of using the intramolecular indicator. At room 
temperature, the indicator dissolves in water and is in coiled state. FRET may be 
established at the coiled state if the average donor-to-acceptor distance(R) is close to 
the critical radius (Ro). When adding Cu(II), this mingled coil conformation is 
disrupted by repulsive force introduced by binding Cu(II) ions. The indicator becomes 
more expand, leading to an increase in R which will cause the extent of FRET to 
decrease. Thus, the presence of Cu(II) can be measured by monitoring the
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fluorescence ratio of acceptor to donor.
FRET
EDTA
Figure 5-2 FRET disrupted by Cu(II) binding at room temperature.
FRET was initially established when polymer was in coiled state; In the presence of Cu(II), the 
extent of FRET was reduced as the indicator becomes more expanded.
5.3 Spectroscopic Research on Intramolecular FRET System
We evaluated indicator performance using two measurement modes in 
Fluorescence spectroscopy; scan mode and kinetic mode. Scan mode was used to 
obtain fluorescence spectra of indicators for various conditions. This provides 
qualitative FRET information by showing intensity vs wavelengths. The kinetic mode 
records and displays fluorescence intensities of A555 and A647 vs time. The ratio can 
be calculated by dividing acceptor’s fluorescence intensities by that of the donor. 
Since there is a direct relationship between Cu(II) activity and FRET, response can be 
calibrated and used to measure Cu(II).
5.3.1 Fluorescence spectra at 25°C
Figure 5-3 shows the fluorescence spectra o f the intramolecular indicator at
25°C. In the absence of Cu(II), there are two distinctive peaks which belong to donor
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A555 and acceptor A647 at their emission wavelengths of 570 and 670 nm 
respectively. The peak at 670nm is due to FRET because A647 can’t be excited 
directly by 525nm. The ratio was calculated to be 0.477(=95.54/202.18), implying 
strong FRET at room temperature. This is very different from the spectra we obtained 
for intermolecular indicator system (Figure 4-5, Chapter 4). In that spectrum, peak on 
670nm does not exist and implies no FRET at room temperature.
At the presence of 1><10'5M Cu(II), the peak at 670nm(acceptor’s emission) is 
decreased by 70%. This is because the added Cu(II) expands the indicator copolymers 
and increases the average distance between the donor and acceptor.
There is a slight decrease at 568nm. This can be explained as Cu(II) quenching 
of A555.
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Figure 5-3 Fluorescence spectra of the intramolecular indicator at 25°C.
The indicator concentration was 2* 10’7M(in terms of bipy concentration) in bicarbonate buffer at 
pH 8.2. Excitation wavelength was set at 525nm. The upper red curve shows the spectrum in the 
absence of Cu(II). The lower blue curve shows the spectrum at the presence of 1 * 10'5M Cu(II).
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The excitation wavelength was 525nm. The bandwidth setting for both two curves were 5nm,
5nm.
5.3.2 Effect of CufID on fluorescence
Figure 5-4 was obtained using the kinetic mode which measures the absolute
fluorescence of both A555 and A647, and their changes in response to external 
disturbances. The ratio of A647/A555 can be read from the inset graph at the top right 
comer. After injecting lOpL and 30pL 1 X lO^M Cu(II) consecutively, both A555 and 
A647 intensities went down and the A647 plunged much more than A555. This result 
is consistent with the spectra of Figure 5-3.
At 22min, excess EDTA was injected into the solution. The purpose of this 
operation is to examine whether FRET can be recovered by removing the Cu(II) from 
the indicator. EDTA forms especially strong complexes with Cu(II) and pull Cu(II) 
away from bipy.111 Fluorescence intensities were recovered within 30sec. This 
recovery time is much shorter than the intermolecular recovery time, which was over 
5 minutes (see Chapter Four, Figure 4-9). This implies that it is easier to reverse an 
intramolecular conformation than to reverse an aggregation process. Also it was 
interestingly to find that the acceptor’s fluorescence was higher than before adding 
Cu(II). It can be interpreted as a sign that there were some trace metal ions in the 
indicator solution that were also pulled out by EDTA.
The SOS signal was also recorded as the lowest purple curve represented. 
Unlike the intermolecular system where SOS increased dramatically due to 
aggregation in accompany with the thermal phase transition, there was no noticeable 
change here in the intramolecular system. SOS isn’t sensitive enough to detect 
intramolecular conformation change for single polymer coil.
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Figure 5-4 Time course fluorescence recording fluorescence intensities for A555 and A647 and 
intensity of second order scattering (SOS).
The experiment was conducted in 3 mL curvet with 0.1M bicarbonate buffer with pH8.2. Indicator 
concentration was lxlO'?M(in terms of bipy concentration). lOpL and 30pL 1 * 10‘4M Cu(II) were 
consecutively injected at 6 minute and 14 minute, then followed by adding 30uL 0.1M 
EDTA(excess amount) of EDTA. The upper (red) curves show the fluorescence intensity of A555.
The middle (blue) curve shows the fluorescence intensity of A647. The fluorescence excitation 
wavelength was set at 525nm. The emission wavelength is 565nm for A555 and 665nm for A647. 
The bandwidths are 5nm for both excitation and emission. The lowest (purple) curve shows SOS 
intensity for the indicator solution. The SOS excitation wavelength was 350nm and emission 
wavelength was 700nm. The right-upper inset graph shows the calculated ratio of fluorescence of
A647 to A555 in the function of time.
5.4 Formulation Optimization
For the intramolecular indicator, the mechanism of FRET is highly dependent 
on the average distances between donor and acceptor moieties. The average distance 
will be strongly affected by polymer size and fluorophore percentage. Bipy
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percentage in polymer strand also played an important role impacting indicator 
performance. Therefore we optimized the indicator formulation based on these three 
factors: polymer size, fluorophore percentage and bipy percentage,
5.4.1 Factor of polymer size
The indicator remains in a coil conformation in aqueous solution.876 Therefore 
polymer size and dimension may affect intramolecular FRET. To test this hypothesis, 
we prepared two batches of indicators with different molecular weights (MW). One 
was a MW 102,000 indicator prepared by free radical polymerization; the other had 
MW 20,000 and was prepared by living polymerization, (see Chapter Two 2.3.1) 
They were otherwise identical in percentage of bipy and fluorophore labeling. As can 
be seen from figure 5-3, which shows the fluorescence spectrum for MW102, 000 
indicator, Fluorescence intensity ofA647 plunged dramatically upon Cu(II) addition. 
So did the ratio of A647/A555. However, the consequence of doing the same 
operation on low MW indicator was very different. Figure 5-5 is the scan spectrum for 
indicator at 20,000. It shows little fluorescence change and acceptor-to-donor 
intensity ratio change. I believe this phenomenon can be explained by difference in 
the radius o f gyration for the two polymers.
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Figure 5-5 Fluorescence spectra on Indicator with small MW in 20,000 at 25°C.
The experiment was conducted in 3 mL curvet with bicarbonate buffer with pH8.2. The indicator 
concentration was 2X10'7M. Excitation wavelength was set at 525nm and bandwidth is 5nm for 
both excitation and emission. The upper red curve represented spectrum without the presence of 
Cu(II). The lower blue curve represented spectrum at the presence of 1 x lO^M Cu(II). Excitation 
wavelength was 525nm and bandwidth settings are 5nm for both excitation and emission.
M. Adam and M. Delsanti showed that, in dilute solution, the gyration radius of 
the polymer increases with the molecular weight to the 0.55 power.112 The gyration 
radius can be calculated as
R = 1.45 * 10~9Ma5Scm (Formula 5-1)
Based on the formula 5-1, we calculated that the estimate gyration radii as 
8.24nm and 3.36nm respectively for large MW(102,000) and low MW(20,000) 
indicators.
There is a more generalized formula R = LXN05 (Formula5-2), where L is the
distance between monomeric units (typically between 2- 6 angstroms for vinyl
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polymerizations) and N is the number of repeat units. This formula yields close results 
to the results from Formula 5-1, assuming L=3 angstroms).
For indicator with 102,000MW, the calculated diameter is 16.48nm(two times 
of radius of 8.24nm) which is longer than the reported 5.1nm critical radius for 
A555-A647 pair.113 Hence some A555-A647 pairs are within FRET range, but some 
are not. Electrostatic repulsion induced by Cu(II) extends the polymer strand and 
turns off FRET by increasing the average distance between acceptor and donor. This 
explains why there was big ratio change in Figure 5-3. However, it was not the case 
for polymer with small radius. For indicator with 20,000MW, the calculated gyration 
diameter is only 3.36nm using Formula 5-1 which is very close to measured 
Z-average radius 3.5nm (Figure5-6). In this case FRET is already established because 
the coil diameter is only 7nm. Although charge repulsion will affect the polymer coil, 
there is not enough flexibility to expand the coil so that the distance between donor 
and acceptor exceeds the critical radius. This explained why there is very little 
intensity change in Figure 5-5 for the 20,000 MW indicators.
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Figure 5-6 Particles size of PNIPAM (in MW20,000) measured by DSL.
Polymer concentration: lg/L in MOP buffer. Temperature: 25°C
5.4.2 Fluorophore percentage
The percentage of fluorophore in polymer will affect the average distance 
between donor and acceptor. Therefore we examined indicators with 1%, 2%, 4% and 
10% fluorophores. Since the concentrations of A555 and A647 used for labeling were 
equal and they both have 90% yield rates,(see Chapter two, 2.31) the average 
percentages of each fluorophore were 0.5%, 1%, 2% and 5% respectively. We 
measured the acceptor/donor (A/D) fluorescence ratio for the above samples at room 
temperature (Figure 5-7(a)). It was found the indicator with 4% total fluorophores has 
the highest ratio among the four indicators. Indicators with 10% fluorophore show a 
very small ratio. In this case, for each indicator, there are 10 NIPAM units between
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two fluorophores on average. The average distance between A555 and A647 is only 
1.54nm if each unit is assumed to be 0.154 nm long.114 When fluorophores are so 
close, self-quenching occurs and shortens the fluorescence lifetime,102,115 reducing 
FRET efficiency.
In order to evaluate the performance of these indicators, we measured the 
decrease in acceptor/donor intensity ratio caused by adding Cu(II). This can be 
represented by the percentage of ratio change(ratiochange%). Figure 5-7(b) showed 
the ratiochange% in response to the addition of 10'5M Cu(II). The ratiochange% is 
calculated by the following formula:
Ratiochange% - R° ^Cu(/0 x  100% (Formula 5-2)
«0
Where R© is the ratio measured before adding Cu(II). RcU(ii) is the ratio 
measured after adding Cu(II). Although indicator with 4% total fluorophores has the 
highest initial A/D ratio, the Ratio change% when adding 10'5M Cu(II) is less than 
that for the 1% and 2% labeled indicators. Hence 2% Alexa Fluor labeled indicator 
(1%A555 and 1% A647) are used in this study for the high initial ratio and large 
ratiochange%.
92








0% 2% 4% 6% 8% 10% 12%
Total Fluorophore percentage
Figure 5-7 Factor of Fluorophore Percentage
(a). Initial ratio of A/D vs percentage of fluorophores labeled in indicators. Indicator 
concentrations were at 10'7M (in terms of [bipy]) in bicarbonate buffer at pH 8.3. The ratio was 
measured through fluorescence spectrophotometer at 25°C.
(b). Ratio decrease percentage vs fluorophore percentage in indicators. The Cu(II) concentration 
was 10'5M in cuvette after injection of Cu(II) stock solution. Other conditions were the same as
curve(a).
Interestingly, the incorporation of Alexa Fluor dyes doesn’t cause much effect 
on the phase transition property of the indicators. As shown in Figure 5-8, 1% labeled 
indicator shows a significant ratio increase at 33°C. This is only 1 degree higher than 
the LCST of pure PNIPAM. The curve for the ratio of 10% labeled indicator shows a 
gradual increase with an LCST in range of 33-38 °C. This implies that the 
incorporation of Alexa Fluor has effect on the phase transition of the indicators and 
causes a shift for the LCST. However, this is a minor impact even for the 10% labeled 
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Figure 5-8 A/D intensity ratio of fluorophore labeled PNIPAM vs. temperature increases.
10% labeled indicator had similar ratio trend to 1% labeled indicator, as temperature went up. All 
indicators tested were at concentration of 10'6M(in terms of bipy concentration). Other conditions
were the same as Figure 5-7(a)
SOS measurements confirm that the Alexa Fluor labeled indicators still undergo 
a thermal phase transition. Figure 5-9 shows that SOS intensity at 45°C was 9.6 times 
higher than that at room temperature, which implies 10% labeled indicators are still 
able to undergo thermal phase transition as well as 1% labeled indicators. The only 
difference, compared to 1% labeled indicator, is that the LCST shifts to higher 
temperature. This result shows the Alexa Fluor dyes are good dyes for labeling 
PNIPAM because they have only a small effect on LCST.
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Figure 5-9 SOS intensity of fluorophore labeled PNIPA vs. temperature increase.
10% labeled indicator shows similar trend of SOS intensity increase to the 1% labeled indicator, 
as temperature goes up. The excitation wavelength was 350nm and emission wavelength was 
700nm. The bandwidth for both excitation and emission are 5nm. All other conditions are the
same as Figure 5-8.
5.4.3 Bipy percentage
The percentage of bipy comonomer will also affect the indicator performance. 
Four batches of indicators were prepared with 0.25%, 0.5%, 1% and 2% bipy 
respectively to examine the dependence on bipy percentage. We tested the indicators 
for their ratio changes in response to 1 x 10'5M Cu(II). Figure 5-10 shows that indicator 
with 0.25% bipy has the lowest A/D ratio decrease%, and indicator with 2% bipy had 
the highest upon Cu(II) addition.
For the indicator with a number average MW at 100,000, no LCST shift was 
observed when bipy was copolymerized at mole percentages up to 2%. In this study, 2% 
bipy were used in the formulation.
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Figure 5-10 Indicator A/D ratio vs bipy percentages.
Indicator concentrations were at 10'7M ([bipy] in bicarbonate buffer at pH 8.3. The ratios were 
measured through fluorescence spectrophotometer at 25°C. A/D ratio decrease% was calculated 
by using the Formula5-2: (Rq- Rcu)/ii)x 100%, Ro is the initial A/D, Rcu is the A/D with the
presence of 1 x 105M Cu(II).
5.5 Effect of Spontaneous FRET Decay over Time
When concentrated indicator solutions are diluted, the A647/A555 ratio 
decreases as shown in Figure 5-11. The decay process slows down after two days and 
eventually the ratio values are stabilized. The dilution factor was 100, 30pL diluted to 
3mls. It takes several days to reestablish a new equilibrium after it is diluted. There 
are two possible causes that contribute to the spontaneous ratio decay. One is the 
untangling process after the copolymer is diluted that cause a FRET decrease. The 
other is because there are unknown metal ions preexisting in buffer solution although 
they are in very small concentration, causing charge repulsion effect on the copolymer. 
After the copolymer is diluted, it takes a long time to reach a new equilibrium.
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Figure 5-11 Ratio of A647/A555 decays slowly after a dilution
The tested indicators were at concentrations of 1 x 1 O'4, 1 x 10'5, 1 x l O'6, 1 x l O'7, lx l 0'8M 
respectively. 30pL indicator solution at above concentrations were injected into a cuvette with 
3mL 0.1M bicarbonate buffer(pH 8.2). The indicator copolymer consist of 2% bipy, 1%A555 and 
1% A647. Instrumental settings and conditions were the same as experiment shown in Figure 5-4.
5.6 Effect of pH on FRET Ratiometrv
The indicator is a weak basic polyelectrolyte because it contains bipy moieties.
The pKa of protonated 2,2’-bipyridine is 4.33.116 Putting bipy on the polymer always
favors the neutral form so the pKa will be smaller. A previous study found that the
pKa of the polymer-bound bipyridine is around 3.5.117
In our study, pHs lower than 4 are not favorable to Cu(II) detection because
bipy moieties are protonated and the indicators are positively charged. Protonated
bipy moieties also increase the indicators’ hydrophilicity. The electrostatic repulsion
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and hydrophilicity keeps the copolymer coils in an expanded state which does not 
expand further more even when Cu(II) ions are added. Figure 5-12 shows that there is 
very weak fluorescence from acceptor. The right inset graph shows the calculated 
ratio o f A647 to A555. The ratio is very small due to weak FRET. This experiment 





Figure 5-12 Screenshot of intramolecular indicator working at pH 4 in acetate buffer.
The indicator was 1% fluorophore labeled and in concentration of 2><10'7M. Other Intrumental 
settings and conditions are the same as experiment shown in Figure 5-4.
If pH is higher than 8.5, Copper ions start to precipitate because of metal ion 
hydrolysis. Therefore pH above 9 was avoided in measurements.
Most applications we envision, for instance, Cu(II) imaging in living cells, 
would involve pH 6-8.3 as the preferred operating window..
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5.7 CuflD Titration and Calibration Curves
The relationship between fluorescence ratio of A647/A555 and the 
concentration of Cu(II) under optimized experimental condition was examined. Figure 
5-13 recorded the stepwise titration on the indicator by successive injecting Cu(II) 
stock solution. The Cu(II) concentration increased at 1 X 10'8M stepwise. This 
indicator showed rapid response for each Cu(II) addition. The intensity ratio value 
response quickly to each injection of Cu(II) solution(Figure 5-14 subgraph at top right) 
The response was much faster than the intermolecular indicator(Figure 4-6B) which 
relied on slow aggregation. The SOS curve (in purple) showed a slight scattering 
increase while adding Cu (II) in solution. This suggests an intramolecular change that 











Figure 5-13 Dynamic response of ratiometric indicator to successive addition of 30uL Cu(II)
stock solution at room temperature.
The concentration of Cu(II) was increased at 1X 10'8M stepwise. The indicator concentration was 
2 X 10'5M(in terms of bipy concentration) in 0.1M bicarbonate buffer (pH8.2).Instrumental 
settings and other conditions were the same as described in Figure 5-4.
The ratio of the acceptor to donor is calculated in the inset graph o f Figure 5-13. 
Figure 5-14 shows the ratio values are in reverse proportion to the total concentration 
of Cu(II) from 1.0 x 10-8 to 1.0 * 10-7 M (curve a). 
According to literature,118 Cu(II) activity can calculated based on the Formula 
5-3
1
logyiX) = -  + CxIe (Formula 5-3)
l+ B x Ie 2
Where 0.511 is the value of the Debye-Huckel constant at 25°C, Zx is charge 2
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for Cu(II), and Ie is the effective ionic strength, calculated from the concentration of 
free ions and charged ion pairs.
/ = ^ x £  Q Z;2 (Formula 5-4)
Bx and Cx are coefficients determined by specific ion pairs. Here the major 
components involved are Cu2+ and HCCV. The values of Bx and C*are 1.5 and 00.183 
respectively, which were cited from Turner’s work.118
Putting all the numbers into the Formula 5-3 and Formula 5-4, it was calculated 
the activity coefficient of Cu(II) is 0.4727. The free Cu(II) concentrations were 
calculated by multiplying total Cu(II) concentration and the activity coefficient 0.4727. 
Curve (b) in Figure5-14 shows the ratio values are also in reverse proportion to the 
free Cu(II) concentrations. Hence, the free Cu(II) concentrations are less than the total 
Cu(II). This suggests that ionic strength in the standards should match ionic strength 
in the sample.
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Figure 5-14 Calibration curves for intramolecular indicators
(a)Ratio in the function of total Cu(II) concentration.
(b)Ratio in the function of free Cu(II) concentration.
5.8. Interferences
Fluorescence imaging o f Cu(II) in living cells and industrial waste water 
analysis are two possible application for this indicator. Therefore we examined the 
indicator response to some other metal ions in biologic and industrial matrixes.
5.8.1 Interference in matrix containing ZnQD
Zn(II) is a potential interference to Cu(II) measurement due to its abundance in
biologic sample. We measured the ratio in response to 10'7M Cu(II) without the
presence of Zn(II). Then the same experiment was conducted in the presence of
various concentration of Zn(II) in the same conditions. The matrix consisted 0.15M
NaCl and 0.1M bicarbonate buffer at 25°C, pH=8.2. Indicator concentration was 2X
10'7M in terms of bipy concentration. Ratiometric measurements were conducted in
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the kinetic mode while injecting Cu(II) stock solution consecutively. There was no 
difference in the measured ratio values until the Zn(II) concentration was increased to 
3X lO^M. This indicates that Zn(II) does not interfere with Cu(II) analysis until it is 
at 3000 times the concentration of Cu(II)( 10'7M).
5.8.2 Interference in Industrial Water Matrix
Ni2+, Cd2+, Zn2+, Co2+, Pb2+ and Hg2+ are common transitional metal ions that
may co-exist with Cu(II) in industrial waste water. Hence, we must examine their 
interferences impact to the Cu(II) measurement.
Based on the Cu(II) sensing range that corresponds closely to [Cu(bipy)]2+, 
multiple bipy ligands do not appear to interact with a single metal ion in the indicators 
because the bipy moieties are fixed on polymer backbone, so the 1:1 M:L Kf values 
have been provided for comparison.
The ratiometric response of the polymer indicator to various metal ions was 
evaluated. It was found that Cu(II) has the largest response at all concentration levels. 
Some metal ions showed interaction with bipy at certain concentration range (Table 
5-1). For instance, Ni2+, Cd2+ and Zn2+ strongly interact with bipy at concentration 
higher than lOuM, as shown in the 3D column graph (Figure 5-15). However, these 
metal ions do not interfere with Cu(II) measurements until their concentrations are at 
higher than 1 pM.
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Table 5-1. Relative changes in ratiometric response of Indicator to the presence of metal ions. 
[Indicator]=2*10'7M in bicarbonate buffer (0.1 M, pH 8.2), based on the total concentration of 
bipy in solution. Ratio =Acceptor EmissionX= 670 nm/Donor Emissions 565 nm. Ratio change %  
= [(Ratio initial -  Ratio M(II) indicator)/Ratio initial] * 100. NA indicates precipitation of metal 
the stated concentration. LogKf were cited from Gustafson’s work 19
Interferents logKf
0.0 lpM 0.1 pM
Changes in Ratio A/D (%) 
lpM lOpM lOOpM
Cu 8.12 -2 -11.9 -20.8 -24.8 -27.6
Ni 7.04 0 0 -6 -21 -23
Cd 4.42 0 0 -5 -10 -14
Zn 5.12 0 0 0 +4.2 +16.4~
Co 5.8 0 0 -6 -9 -12
Pb NA 0 0 0 2 NA
Hg 9.64 0 0 0 0 -1.3
P otentia l in terfering  m eta l ion s in industrial w a ter
Figure 5-15 Ratio change in percentage in response to presence of metal ions that potentially exist.
in industrial waste water.
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5.9 Responses in Complex Matrix
The intramolecular indicator were tested in real samples that may contain Cu(II) 
ions, including a sample of calf serum, samples from a river and waste treatment plant. 
The indicator used in these experiments is PNIPAM copolymer with 1%A555, 1%
o
A647 and 2% bipy. Indicators were 2x10' M for measurements in river, waster water 
and buffer matrixes and 2xlO'7M for calf serum. All experiment were performed at 
room temperature.
5.9.1 Calf Serum
Figure 5-16 showed the measured ratio in response to successively adding Cu(II) 
in calf serum sample.












8.5 7.5 6.5 5.5 3.5 2.54.5
Figure 5-16 Intramolecular Indicators in serum sample were titrated at room temperature.
The indicator concentration in serum was 2x10' M. The ratio was measured in a time-course 
fluoresce mode by the fluorescence spectrophotometer. Instrumental settings and conditions are
the same as described in Figure 5-4.
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Figure 5-16 shows that the ratio change as Cu(II) was added into serum sample. 
The ratio doesn’t change much until the Cu(II) concentration increases to a very high 
level. There are lots of biological ligands existing in serum such as ceruloplasmin,120 
and albumin121. The unchanged ratio implies that most added Cu(II) is bound the 
biological ligands. However, when added total Cu(II) is above 10~6M, a slight ratio 
change can be observed. In the serum, the stronger biological ligands are titrated first, 
then the weaker ligands. When added total Cu(II) is above 10'3M, a significant ratio 
decrease occurs. At this point, the added Cu(II) exceeds the amount of biologic 
ligands. The excess Cu(II) ions are bound with indicator and cause a large ratio 
decrease.
5.9.2 Processed waste water
The processed waste water was provided by Environmental Resources
Company. The indicator was injected into a cuvette containing the processed waster. 
The indicator concentration was 5 X 10'8M in terms o f bipy concentration. Figure 5-17 
shows fluorescence intensity ratio of A647/A555 measured after each Cu(II) addition. 
The ratios decrease as added Cu(II) increases in range of 5 X 10'8 to 2 X 10'7M.
The same experiment was conducted in 0.1 M bicarbonate buffer solution (pH 
8.2). The ratio intensity curve for processed water sample is very similar to the 
calibration curve obtained in buffer solution. Hence, for analysis purpose in that waste 
water, standard solutions can be prepared in the bicarbonate buffer
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Figure 5-17 Intramolecular Indicators were titrated in processed waste water at room temperature. 
The indicator concentration in serum was 5* 10'8M. The ratio was measured in a time-course 
fluoresce mode by the fluorescence spectrophotometer. Instrumental settings and conditions are
the same as described in Figure 5-4.
5.9.3 River samples
In order to test the intramolecular indicator in response to adding Cu(II), a river
water sample was obtained from oyster river at Durham, NH. Figure 5-18 shows the 
measured ratio vs. the successive addition of Cu(II) in the river sample. The curve 
connecting the data points shows the same trend as the curve of processed waste water. 
This implies that the matrices of processed water and river water are similar. The 
indicator has response to added Cu(II) at much lower concentration than in serum 
sample. This is because the natural metal ion ligands in processed water and river are 
much less than in serum sample.
However, the ratios of river sample at each added Cu(II) levels are lower than
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those of processed waste water sample. This is because the pHs are different for the 
two matrices. The pH in river is measured to be around 5, while the pH in processed 
waste water was 8.
Indicator ratio in response to  successive 
addition of Cu(ll)
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Figure 5-18 Intramolecular indicators were titrated in river water at room temperature.
The indicator concentration in serum was 5x 10'SM. The ratio was measured in a time-course 
fluoresce mode by the fluorescence spectrophotometer. Instrumental settings and conditions are
the same as described in Figure 5-4.
5.10 Conclusion
A novel intramolecular indicator was developed for sensitive free copper 
measurement at room temperature. The indicator was formulated to maximize 
changes in intramolecular FRET at room temperature. The extent of FRET, coupled to 
Cu(II) induced electrostatic repulsion, was readout by measuring the ratio of 
A647/A555.
The optimized formulation of the indicator was evaluated by fluorescence 
ratiometry in three real samples: calf serum, processed water and river sample. The 
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